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HAVE A LARGE DISSIPATION 
FOR THEIR SIZE 


ARE SUITABLE FOR HIGH 
TEMPERATURE OPERATION 


SILI | ON HAVE A LOW TEMPERATURE 
i CO-EFFICIENT OF VOLTAGE 
“f EN oe | ARE SUITABLE FOR USE AS 
REGULATORS, LIMITERS, 
SURGE SUPPRESSORS, 
AND VOLTAGE REFERENCES 
22 SERIES oe = THE FIRST COMPLETE RANGE 


OF CLOSE-TOLERANCE ZENER 
DIODES AVAILABLE FROM 


PRODUCTION 


Z2 SERIES ZENER DIODES 


+20% Voltage Tolerance 
(Red and Blue Sleeves) 


NOM. 
VOLTAGE 


+10% Voltage Tolerance 


(Red and Yellow Sleeves) 


NOM. 
VOLTAGE 


A +5% Voltage Tolerance 
(Red and Green Sleeves) 


NOM. 
VOLTAGE 


iy 


TYPE TYPE TYPE 


w 
w 


Z2A33 


Z2A33 


Z2A36 3.6 
Z2A39 3.9 Z2A39 3.9 Z2A33 3.3 
Z2A43 4.3 

Z2A47 47 Z2A47 

Z2A5| 5.1 Z2A47 47 
Z2A56 5.6 Z2A56 

Z2A62 6.2 

Z2A68 6.8 Z2A68 6.8 Z2A68 6.8 
Z2A75 7.5 

Z2A82 8.2 Z2A82 

Z2A9| I Z2A100 10 
gr _ Z2A100 10 

Z2A110 II Z2A120 

Z2A120 12 Z2A150 15 
Z2A130 13 Z2A150 | 15 

Z2A150 15 


Srandard Telephones and Cables Limited 


Registered Office : Connaught House, Aldwych, London, W.C.2 
RECTIFIER DIVISION 


EDINBURGH WAY - HARLOW - ESSEX 
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ZZ 


Aero Research Ltd i 


1 ; 
that from June 30th 1958 | 


jj 


the Company will be | 


known as 


CIBA(A.R.L)LTD | 


i 
Makers of synthetic resins for wane | | 
REDUX RESOLITE 
ARALDITE | 
| AEROWEB , 


CIBA (A.R.L.) LTD 
Duxford, Cambridge . 
—_— 


AERODUX 
ABROEITE 


ZZ 
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A sturdy, compact frequency meter 


by 


Measures from 5c/s to 100 kc/s 
Accurate to = 1% at full scale deflection 


BTH Transistor frequency meter J.T.2A 
fitted with optical pick-up. 


Maxine USE OF germanium diodes, transistors, and silicon Zener diodes, 
the BTH frequency meter achieves a very high order of accuracy independent 
of waveform. The meter is available as a portable multi-range instrument 
either for mains or battery operation. Alternatively, single or multiple sub- 
assembly units can be applied for rack, panel, or console mounting. 

The meter can be applied to the remote indication, recording, or control 
of speed or frequency. 


EASILY ADAPTED FOR SPEED MEASUREMENT 


Attachment of a BTH transistor optical pick-up, as illustrated, enables the 
meter to be used for measuring the speed of rotating shafts (r.p.m.) or conveyor 
belts (f.p.m.). This pick-up is simple and inexpensive. 


Please write for further details 


BRITISH THOMSON-HOUSTON 


THE BRITISH THOMSON-HOUSTON COMPANY LIMITED : RUGBY +: ENGLAND 
: an A.E.I, Company A 5225 
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( vi ) 


Design 
Permanent ie ior: 


Advisory i 


Magnets Na eee 
Service 


The Mullard range of permanent magnet materials 
meets the majority of present day magnet require- 
ments. To assist designers in choosing the correct 
magnet material for a given purpose, some of the 
advantages of these materials and a few of their 
applications, are given below: 


‘Ticonal’ GX has the highest energy content of the 
commercially available permanent magnet ma- 
terials. It is difficult and expensive to manufacture, 
and should only be used where minimum size and 
weight are extremely important with cost a 


1600 1400 1200 1000 800 600 400 200 


-H 


secondary factor. These magnets are predominantly 
anisotropic and are only manufactured in block 
and cylindrical form, with a straight magnetic 
axis. 


‘Ticonal’ G represents the best compromise be- 
tween performance and cost of any permanent 
magnet material available. It is comparatively 
easy to manufacture into any required shape and 
gives a high and uniform performance. It is strongly 
recommended for general purposes and is used 
throughout the world for the majority of permanent 
magnet applications. 


The Choice of 
Magnet Materials 


Advertisements in this series deal with general 
design considerations. If you require more specific 
information on the use of permanent magnets, 
please send your enquiry to the address below, 
mentioning the Design Advisory Service. 


‘Ticonal’ L is primarily intended for use in loud- 
speaker assemblies. A permanent magnet of higher 
Ba value than is obtainable from ‘Ticonal’ G has. 
certain technical advantages. 


‘Ticonal’ € has slightly lower magnetic properties. 
than ‘Ticonal’ G but with a higher coercive force; 


this material is particularly useful in motors, — 


dynamos and other dynamic applications. 


‘Ticonal’ K is a relatively new material and only 
certain shapes are available at present. Its magnetic. 
characteristics facilitate the use of very short. 
magnets. It has an exceptionally high coercive force 
and is recommended in the design of moving coil 
instrument circuits where a magnet forms the inner 
core of the system. 


‘Reco’ 3A is isotropic (non-directional) and can 
therefore be magnetised equally in any direction. 
It is of comparatively low performance but is 
particularly suitable for multi-polar applications 
or inexpensive magnets where high performance is 
not essential. ae 


t 
{ 


‘Magnadur’ 1 is one of the new ceramic ‘magnets. 
As it contains no cobalt or nickel it is therefore 
inexpensive to manufacture. It has an unusually 
high coercive force and is particularly useful for 
applications where the magnet is subjected to 
alternating fields of any frequency. 


Principal Characteristics of Mullard Permanent Magnets. 


_ MAGNET BH (max) x 106 Bp He Bg Hg 
Ticonal’ GX 7s: 13,500 720 12,000 625 
‘Ticonal’ G SP7/ 13,480 583 11,000 520 
‘Ticonal’ L 5.4 13,500 575 ‘12,000 450 
‘Ticonal’ C 5.0 12,500 680 9,620 520 
‘Ticonal’ K 40 9,000 1,300 5,000 800 
‘Reco’ 3A 1.7 7,200 645 4,350 390 
‘Magnadur’ | 0.95 2,000 1,750 950  ~=1,000 


Sener eeheetin ag 


If you wish to receive reprints of this advertisement 
and others in this series, write to the address below. 


“TICONAL’ PERMANENT MAGNETS 
“MAGNADUR’ CERAMIC MAGNETS 
FERROXCUBE MAGNETIC CORES 


MULLARD LIMITED, COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.1. Tel. LANgham 6633: 


MC265. 
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“The Greeks 
had a 


word 
for Dpect 


BAPAEY 
MATNHTI2Z AIOOz2 


Or, to be more precise, Varley Solenoids, which push, pull, punch or press from 
fractions of an ounce to hundreds of pounds through thousandths of an inch to five inches. 
Remote control by Varley Solenoids saves time and money. 100% British in 
design and manufacture. All normal voltages and ratings “ off-the-shelf”. For any 
specific application, prototypes—7-10 days, quantity production—3-4 weeks. 


For full details of Varley Solenoids mail this coupon :— 


OLIVER PELL CONTROL LTD 

@ Cambridge Row + Woolwich « London, S.H.18 - England 

f al Cc SOLE NOI D Ss Cables: Varlymag, Woolwich ° Telephone: Woolwich 1422 
REGD. TRADE MARK 


IRB BR: a ee he ae Eg En fly ARES nS fee ge eaten ere eae a REN Te Se ee ee —, 


LOL BREMNER aE i 2 AS ae Bee ee — 


FOR REMOTE CONTROL 
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HE most recent, the most outstanding, and the most 
revolutionary example which has emerged from the 
Erie principle of living together, and one which will be 
welcomed by all associated with the problems of 
adapting traditional components for printed circuits, 
is a component specially developed and specially 
tailored for the job. 


This component, to which, for want of a better term, 
we ascribe the adjective “pluggable”, is fitted with 
special strip terminations, shouldered and tapered at 
the end for easy insertion and positive location, thus 
avoiding crimping, looping, bending, cropping, and 
elaborate and expensive insertion machinery, as is 
necessary with the traditional wire ended component. 


These terminations are spaced in integers of 0.1 in., 
and can be applied to any Erie tubular resistor or 
capacitor at present fitted with wire ends, and amongst 
their other advantages, they ensure that the component 
is mounted at a standard and safe distance above the 
printed circuit board, and that inductance and stray 
capacitance are both low and constant. 


lilan tention Pluggable components are firmly secured by the 

a ernels 6 mere act of insertion, and, being raised from the board 
by means of the shoulder, can easily be clipped out in 
servicing, and replaced either by a component of the 
same type, or by the traditional wire ended component, 
whichever happens to be the more readily available. 


RESISTOR LIMITED 


Carlisle Road, The Hyde, London, N.W.9, England. Tel: COL 8011 


Factories: London and Gt. Yarmouth, England; Toronto, 


Canada; Erie, Pa., and Holly Springs, Miss., U.S.A. 


aa 


—C’FILTERS 


ULL TEST 
\ACILITIES 


OLYPHASE 
MODULATORS 


'TABILIZED 
YOWER SUPPLY 


Send Terminal 


FHESE ILLUSTRATIONS ARE OF A TYPICAL 
#CHANNEL UNIDIRECTIONAL SYSTEM 
#Vide range audio input levels 


Dutput 24 kc/s—34 kc/s 
or 84 kc/s—94 kc/s 
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Programme Ghannel Equipment 


CS12/GM 


UNIDIRECTIONAL 
OR BOTHWAY CIRCUITS 
50 c/s—l0 kc/s 


The overall performance of three 
systems in tandem (6 terminals) is 
within the C.C.1.T.T. recommended 
limits for a ‘normal’ programme 
circuit. 

Bays may be equipped for either 
unidirectional or bothway circuits, 
making the equipment suitable for 
both studio to transmitter circuits 
and national telephone network use. 
Polyphase modulation is used and a 
small portable test set is supplied 
with the equipment for adjustment of 
the phase modulators. 

A bothway channel is complete on 
one side of a standard oft. x 204 in. 
rack with power supplies and control 
panel. The only wiring required. to 
the main carrier system is for the 
carrier frequencies and input/output 
leads. 


Recewe Terminal 


the frontiers of telecommunications 


SIEMENS EDISON SWAN LTD 42 4.E.!. Company 


Telecommunications Transmission Division, Woolwich, London SEI8, England 


Cables: Sieswan London 


TAB 748 
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ACTUAL SIZE 


All enquiries to: 
Newmarket 
Transistor Co Ltd 


Exning Road, Newmarket 
Suffolk 
Telephone: Newmarket 3381-4 


A NEW 
INTERMEDIATE 
POWER 
TRANSISTOR | 


ANOISTORS 


/ 


@OLTOP | 
Type V15/20 IP and V30/20 IP’ 


Available now for | 
development purposes | 


4 


The Newmarket Transistor Company, first to make RF transistors | 
in Britain on a commercial scale and first again with power types, § 
now introduces a new intermediate power transistor which fills the } 
gap between the general purpose audio and 10-Watt power types. | 
Perfectly sealed by a cold welding process, this new unit has a 
special clip mounting which eliminates large fixing studs. Maxi- 
mum power dissipation is obtained with the unit on a heat sink 
but a useful output is obtainable with the transistor alone, making 
it ideal for use with printed circuit boards. 


Abridged data 


MAXIMUM RATINGS 

Collector Voltage (Vcb) DC or Peak, 15V (V15), 30V (V30) 

Collector Current (Ic) DC or Mean, 2A 

Junction Temperature 75°C. 

Collector Power Dissipation—(1) on 9 sq. in. of 16 swg aluminium, 2 Watts. 
(Derating 40 mW/°C. rise above 25°C.) 
(2) transistor only in free air, 0.5 Watt 

Thermal Resistance (Junction to mounting surface)—10°C./W 


CHARACTERISTICS 

Collector cut-off current 50U—A (max.) 

Current gain (Beta) —20mA 40 (typical) 
—150mA 25 os 
—s5o0omA 16 ss 

Alpha cut-off frequency —2o0mA_ 250 Kes (typical) 


Typical applications 

R.F. TRANSMITTERS 

Output powers up to 3 Watts are possible at frequencies up to 500 Kes. 
AMPLIFIERS i 

Class A or B amplifiers operating at audio or radio frequencies. 

DRIVER AMPLIFIERS 

Characteristics are ideal for driving Goltop V15 and V3o0 power transistors in 
push-pull. 

SWITCHING CIRCUITS 

The maximum mean current rating of 2 Amps permits the use of large pulse.» 
currents as required in servo control systems. ; 
OSCILLATORS *, 
Ultra-sonic and low RF power oscillators up to 500-Kes. 
D.C. CONVERTERS BS ed 
Outputs up to 6 watts per transistor. 

STABILISED POWER SUPPLIES : ; : ; 
Can be used for the series elements of supplies delivering up to 2 Amps or 
as drivers in larger units. te ua : 


” q F) 
rs a 


mf f 
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MARCONI 


COMPLETE COMMUNICATION SYSTEMS 


—all the world over 


LONG-DISTANCE H.F. TELEGRAPH SYSTEMS 


High Frequency systems form a major part of world-wide radio 
telegraph communication services. Marconi’s have recently designed 
new equipment for such systems incorporating the latest electronic 
developments to save time and labour, reduce operating costs and 
eliminate faults. The company is unique in the resourcefulness and 
skill it can bring to the complete engineering of a system from the 
surveying stage onwards to the maintenance after it has been installed, 


and the training of the staff to operate it at maximum efficiency. 


The Lifeline of Communication is in experienced hands 


> MARCONI 


Complete Communication Systems 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX 
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The making of some Massicore transformers calls 
for the solution of new problems, and Savage of Devizes 
are continually pioneering techniques. Others are rela- 


Ls tively simple to construct, for many industries can still 
The Difficult use the well-established types of transformers. 
But complicated or simple, the essential ingredient 


nd remains the same—conscientious craftsmanship. Savage 
a Massicore transformers are built to last a lifetime. 


Equally important is the individual attention given 
The Easy to all enquiries and orders regardless of size; and we 
make a point of keeping our delivery promises. 


The special instrument on the left, far 
from orthodox in many ways, is just over 
two feet long and gives 250 watts at 2,500, 
5,000 or 10,000 volts at frequencies between 
400 c/s to 10,000 c/s. 


And above, in contrast, is a simple isolat- 
ing transformer for use where portable power 
supply is required, such as for hand tools, 
sub-standard film projectors, lighting etc., 
or for stepping mains voltage up or down. 


Your requirements may call for instru- 
ments very different from these examples. 
Please take advantage of our experience, 
knowledge and constructional skill in the 
production of all types of transformers. 


Corner for Contented Customers 


“Thank you for your execution of our order for transformers and 
chokes to specification. I feel sure that the generous proportions v. ¢ 
rating of these components will ensure a long life for them. 

It is refreshing to deal with a company which keeps to its delivery | 
dates and I am pleased to express my appreciation.” 


N. J. C. BIRMINGHAM 


SAVAGE TRANSFORMERS LIMITED Devizes, Wiltshire Tel: Devizes 932 


TP/s9 
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INCREMENTAL INDUCTANCE BRIDGE 


Designed to measure the value of iron cored chokes and similar 


inductors in the range 0:0!H to I000H of Q value not less than 2. 


Provision is made for passing any current up to | Amp d.c. through 
the winding and selectable a.c. excitation voltages of |, 2, 5, 10 


and 20V r.m.s. are provided. 


Full technical information is available on request. 


TELEVISION LTD 


A COMPANY WITHIN THE RANK ORGANISATION LIMITED 


WORSLEY BRIDGE ROAD -: LONDON . S.E.26 
HITHER GREEN 4600 


SALES AND SERVICING AGENTS: 
Hawnt & Co. Ltd., 59 Moor St. Birmingham, 4 
Atkins, Robertson & Whiteford Ltd., Industrial Estate, Thornliebank, Glasgow 


F, C. Robinson & Partners Ltd., 122 Seymore Grove, Old Trafford, Manchester, 16 
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“ 


THE WORLD’S LEADING MANUFACTURERS OF RADIOTELEPHONES 


introduce the GR.400 
TRANSISTORISED : 
SSB Radiotelephone 


TRANSISTORISED — for 
reliability, compactness, minimum ! 
weight and power consumption. 


THIRD METHOD of SSB 
eliminates the need for expensive 
filters and critical adjustment. : 


SIMPLEX or DUPLEX — the 
standard model is for Simplex — an 
additional receiver is supplied for 
Duplex operation. 


COMPATIBLE — for use on 
single sideband or in conventional 
double sideband networks. 


COMPACT — only 14 ins. deep, 
for conveniently mounting on desk 
or table top. 


FULL TROPICAL SPECIFICATION 


Power output : 60 watts P.E.P. 
Frequency range : 2-10 Mc/s. 
Channels : 4 crystal controlled spots 

in any part of the range. 
Dimensions : 25” x 214” x14” deep. 
Power supplies : 100-125v or 

200-250v AC or 12 or 24v DC. 
Power consumption: 280 VA for 
60 watt output. 


“ for R/ T With all the advantages of single sideband, the GR.400 is still as 
simple to operate as an ordinary telephone. The first 
or CW transistorised radiotelephone, this new model further enhances the 
wide range of Redifon radiotelephones — many thousands 
operation of which are in use all over the world. 


REDIFON LIMITED Radio Communications Division, Broomhill Road, London $.W.18 
No, 68 AR Telephone: Vandyke 7281 A Manufacturing Company in the Rediffusion Group 


Quartz Crystal Units 


Prompt delivery and competitive prices of all Crystal types in the frequency range 1,000 Kc/s to 75,000 Kc/s 


The recent publication “‘Guide to the Specification and 
Jse of Quartz Oscillator Crystals” is a reference which designers of oscillator 
circuits should not ignore. Copies at 5/— each supplied on request. 


CATHODEON CRYSTALS LIMITED 
LINTON : CAMBRIDGESHIRE 
.,- Telephone: LINTON 501. (3 lines) 


la 
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The Nodistron 


A NEW NUMERICAL DISPLAY TUBE 


BS 


le 
I) 


A \ eee 
\ A \ x fs 


\ 
\ 
| 


G10 | 200E This new Numerical Indicator tube 


is designed for use in any direct read out 
equipment. It is a cold cathode device, the 
cathodes being shaped in the form of 
numerals and brought out to separate 

pins on a duodecal base. The application of 
approximately 200 volts between any specified 
cathode and the common anode causes a glow discharge 


in the form of any individual numeral from 0 to 9. 


Standard Telephones and Cables Limited 


SPECIAL VALVE SALES DEPARTMENT 
CONNAUGHT HOUSE . 63 ALDWYCH . LONDON W.C.2 
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anew valve 
or 
70 Mcjs 


equipment | 


-unique double 
tetrode range 
extended 


- QQVO2-6 ¥ 


Here is a new six watt double tetrode for low cost 470Mc/s mobile equipment. This compact 
valve features a frame grid and the same unique twin construction as other Mullard double 
tetrodes —a construction which provides high efficiencies, high power gain and heater economy. 
Other features of the QQVO2-6 include built-in neutralising capacitors which enable circuitry 
to be simplified, and low inter-electrode capacitances which allow wide tuning ranges to be 
achieved and which contribute to high efficiency. 

Write to the address below for full details of the QQVO2-6 and other Mullard double tetrodes. 


BASE ... pe sed dee Ao nt ... BIA CHARACTERISTICS 
: (each section) measured at la = 25mA, Va = Vg” = I50V 
CATHODE _.... os be ... Indirectly heated gm.. ais : j fos € 0.5mA/V 
HEATER eee caress) Ug 'g” fs. she ae wa | 
Series... Saye a Tg IGN, BATS Ot PIAL OPERATING CONDITIONS 
Parallel... .- see 200 Ji --- 6.3V, 0. Lpeess or F.M., Telephony — A.M. 
ee eITANCES f eee ap 470 470 Mc/s 
*ca-g’ (each section)... ae ... less than 0.16pF Va << oe pee LLOO 180 / 
cg’-all (each section) ... “5 6.4 pF V Bee ee .. 180 180 V 
ca-all (each section) ... " L.6 pF la sie a Son nab UA fhe 2x20 mA 
cout (two sections in push- pull) H rat 0:95pF pa 7. — eee | Die leoy VY, 
cin (two sections in push-pull) 3.8 pF shoot es 30 a uy vf 
* Internally neutralised for aa operation. re i 3 
THE MULLARD DOUBLE TETRODE RANGE 
Seon Nene . the most comprehensive and efficient in the world 
<a. i Typical F.M. Power Output 
QQVO?2-6 ; ee ... 5.8 watts 
QQVO3-10/6360 (CV2798) me i> 14 t watts 
QQVO3-20A/6252 (CV2799) ... ich WDE Waces 
COMMUNICATIONS UEOHMUNIGAEIONS AND « QOQVOE-40A/5894 (CV2797) ... ... 56 watts 


Ue INDUSTRIAL VALVE DEPARTMENT § 3 
Me MULLARD LIMITED - MULLARD HOUSE 


08s TORRINGTON PLACE - W.C.I - Tel: LANgham 6633 


RP) MVT343 


b 
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Marconi in Broadcasting 


f 


80 countries of the world rely on 
Marconi broadcasting equipment 


MARCONI 


COMPLETE SOUND BROADCASTING SYSTEMS 


MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND 
4.3 
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NEA 


GROWING 
A SILICON CRYSTAL 


The junction of a Texas small 
signal transistor is created 
during the crystal growing. By 
this unique method fundamen- 
tal reliability is built into the 
device. The operation shown 
here being carried out at 
Bedford. 


HIGH FREQUENCY SIGNAL TRANSISTORS 


CHARACTERISTICS OF TEXAS SMALL SIGNAL TRANSISTORS 


EXAS small signal silicon transistors are the first choice for 


high gain low level applications. They have the following Max. Collector Voltage De dant 

valuable characteristics: leakage currents of less than 0.1 Max. Collector Current = WA TyN 
microamp, small temperature coefficients and collector ratings Max. Collector Dissipation = 150 mW 
of 45 volts. 

By virtue of the high permissible junction temperature of Type No. Beta ein. ak 
silicon devices, the collector dissipation at 100°C. is still 100 
milliwatts. 

ForI.F. amplifier applications use the 2S005. It has a minimum 2800! 9-20 4 
alpha cut off frequency of 20 Mc/s and a collector capacitance 28002 20-40 4 
of 1.6 ppf. It also has excellent high speed switching 25003 20-40 10 
characteristics. 28004 36-90 4 ACTUAL 
Texas Instruments takes pride in the technical information which 25005 45-150 20 SIZE 
it makes available. If you are not already receiving our publica- 25014 20-55 10 


tions including Application Reports please write to us. 


TEXAS INSTRUMENTS LIMITED 


The Pioneers of Semiconductors 
DALLAS ROAD, BEDFORD, TEL: BEDFORD 68051, CABLES TEXINLIM BEDFORD 


T.13 
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Prompt 


Miniature high speed 
sealed relay 


delivery 
of 


your 


RELAY 


needs... 


High speed relay 


Relay for use in high voltage 


and high frequency circuits B.P.O. 3000 type relay. 


The versatility of the telephone type 
relay has led to its widespread use outside 
the telephone industry. Our Woolwich 
Works developed the original BPO 3000 type 
relay which has since won world renown. 
With unrivalled experience in the design of 
relays for a wide variety of special ‘3 


applications, our engineers can give SIEMENS EDISON SWAN LTD j 
individual attention to problems in this field. An A.E.I. Company 4 
Prototypes can be delivered Woolwich, London S.E.18 | 
almost immediately, with bulk supplies Telephone: Woolwich 2020 Extn. 621 


following in quick succession. 
We would welcome your enquiries. 
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We | 
manufacture - : 
valves 


to cover 


‘the specialised 


| requirements 

of industry : 

and 
telecommunications 


Crem sie OrRsD) ENGLAND 


ENGLISH ELECTRIC VALVE CO. LTD. gal GS rank: 8H 1s oe Cd 79) 
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For long term stability and 


unfailing activity, G.E.C. Quartz 


Crystal Units provide the basis 
for reliable communications 


systems. 


A complete range of units to meet 


D.E.F.5271 and R.C.L.271 


Inter-Services styles can be 


supplied. 


SALFORD ELECTRICAL I 
TT MeESeM I ak 


Hl 


INSTRUMENTS L 
( COMPONESEES GROUP) 


IMITED 
HEYWOODS=SLANCASHIRE Tel: Hage 
London Sales Office ==2el: Temple 
A SUBSIDIARY OF THE GENERAL E. 


d 6868 
Bar 4669 
DOB DE Cor Rea Gos 


LTD. OF ENGLAR® 


I 
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The market-place of a Roman town A.D.350, 


N the steps of the Roman legions that conquered 
* Britain came the merchants and settlers. Secure 
under Roman law and administration, commerce and 
agriculture flourished, and Ancient Britain experienced a 
period of peace and prosperity it was not to know again 
until long after the Dark Ages. 

In government, as in many other fields, the Romans set a 
standard which few have equalled since. 

In cable making too, standards are of vital importance. 
For over 100 years members of the Cable Makers Associa- 
tion have been concerned in all major advances in cable 
making. 

Together they spend over one million pounds a year on 
research and development. The knowledge gained is 
available to all members. 

This co-operation has contributed largely to the world-wide 
prestige that C.M.A. cables enjoy, and it has put Britain at 
the head of the world cable exporters. Technical infor- 
mation and advice is freely available from any C.M.A. 


member. 


MEMBERS OF THE C.M.A. 


Insist on a 
cable with the 
C.M.A. label 


British Insulated Callender’s Cables Ltd. + Connollys (Blackley) Ltd. 
Enfield Cables Ltd. + W.T. Glover & Co. Ltd. + Greengate & 
Irwell Rubber Co. Ltd. +: The Hackbridge Cable Co. Ltd.* 
W. T. Henley’s Telegraph Works Co. Ltd. + Johnson & Phillips Ltd. 
The Liverpool Electric Cable Co. Ltd. - Metropolitan Electric Cable 


& Construction Co. Ltd. -+  Pirelli-General Cable Works Ltd. 
(The General Electric Co. Ltd.) - St. Helens Cable & Rubber Co. Ltd. 
Siemens Edison Swan Ltd. ~- Standard Telephones & Cables Ltd. 


The Telegraph Construction & Maintenance Co. Ltd. 
*C.M.A. Trade Marks for Mains Cables only 


The Roman Warrior and the letters ‘C.M.A. are British Registered Certification 
Trade Marks. 


GA be eveVK ERS ASSOCIATION 


.3LE MAKERS ASSOCIATION, 52-54 HIGH HOLBORN, LONDON, WC1 TELEPHONE HOLBORN 7633 


CMA 21 
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It takes more than one good catch to make a fisherman 


...andit takes more than one success to make a business. 
While we won’t go through a full list of our successes in 

the past (let’s just say that several very well known 

concerns are our regular customers), if long experience in the 
highest quality precision moulding is what 

you’re looking for, plus the capacity to turn outajob 

bang on time, contact: 


Metropolitan Plastics Ltd 


Se zine en, 
CRs) Specialists in thermo-—setting plastics 


le casTER® 


Glenville Grove, Deptford, London SE8 
Telephone: Tbeway 1172 
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ILLUSTRATED 
-3, DETACHABLE BIT MODEL sss bench 


ne assembly, 
(List No. 64.) cent 


PROTECTIVE SHIELD (List No. 68). 


SOUND SOLDER JOINTING 


Uniformity of shape, brightness of 
colour confirms permanent joints 
in any SOUND UNIT. 


Sound Units are made with 
SOUND JOINTS 


Sound Joints are only made 
by using 


AIDCOLA, 


(Regd. Trade Mark) 
PATENTED 


SOLDERING INSTRUMENTS 
and EQUIPMENT 


Catalogues 
Head Office, Sales and Service 


ADCOLA PRODUCTS LTD. 
GAUDEN ROAD 
CLAPHAM HIGH STREET 


Telephones: 
Pease eae a MACaulay 4272 & 3101 | 


NEWTON-OERBY 


ELECTRICAL FQUIPMENT | 
High Frequency Alternators 


(Send for Publication No. 1003/2) 


Also makers of Rotary Transformers and Converters, Wind 
and Engine-Driven Aircraft Generators, High Tension D.C. 
Generators, and Automatic Carbon Pile Voltage Regulators. © 


24kVA Motor Alternator. 
Drip proof to 45°. Motor 


220 volts D.C. Output 120 volts. 3 phase. 333 cycles per second. 
pee includes an automatic constant speed governor, Weight 
450 Ib. 


NEWTON BROTHERS 


(DERBY) LTD 


HEAD OFFICE & WORKS: ALFRETON ROAD, DERBY 
TELEPHONE: DERBY 47676 (4 lines) TELEGRAMS: DYNAMO, DERBY 
LONDON OFFICE: IMPERIAL BUILDINGS, 56 KINGSWAY W.C.2 
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O THE ANTARCTIC 


| AC2 Mk. IIB 


TO THE TROPICS 


AC2 Mk. IA 


standard A.C. stabilisers give A.1 service 


iin all climates for ONE price 


| SERVOMEX a.c. voltage stabilisers are in use AC2 Mk. IIB and IIA 

| in the I.G.Y. programme in the Antarctic and @ 0 to*9 amps 

| in tropical Nigeria. These are in every way @ Rarfge minus 17.5% to plus 8.75% 
| 2dentical with the instruments in common use in @ 15 volts per second 

| this country. By extremely conservative design ACT 


' end by using components selected from the 
| Carrent inter-service approved list wherever 
sossible, a very high degree of reliability is 
schieved. They will all withstand shock accele- 
_ rations up te 40 g. These instruments introduce Technical data sheets are available on request 

0 distortion in the waveform whatever, and are Senvomex! Controls Limited, Crowborough Hill, 


_ sot upset by changes of frequency, power factor, ; 
temperature, etc. Jarvis Brook, Sussex. Crowborough 1247 


@ 0 to 30 amps 
@ Range minus 20% to plus 10% 
@ 12 volts per second 
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SMALL?... YES! But | 
GIANT | 
PERFORMANCE | 


A.C. Voltage Stabiliser, Type ASR-1150 


This Stabiliser, of the A.C. automatic voltage step- | 
regulator pattern, will handle loads up to over I kilo- 
watt—and has an output of 5 Amperes at (usually) 
230 volts. As a general rule it weighs only about 
1/10 of the so-common “choke-condenser”’ types | 
offered by many competitive firms. It has no large F 
high-rating capacitors—which fail regularly in 
“resonated” types of Stabilisers, and which are very 
expensive to replace. 

ASR-1150 is insensitive to changes of mains frequency, works equally well from 0% to 

100% load (maximum loading 1150 VA), and has sinusoidal output waveform. The 
degree of Stabilisation it provides is ample for very many purposes. 

Complete details of our entire range of Regulators, of which there are many patterns 
ranging from 200 VA to about 30 kVA (single-phase) are given in our new 32 page ~\ 
Automatic Voltage Regulator Catalogue (S-574) which will be sent at once against your 
written request. 


The ASR-1150 
Weighs 11 lb. 
Measures 83 x 44 x 5 
Price £25.16.0 Net 


Cd, 


Plaude Lyons Md, 2c. 


Telephone: HO Ddesdon 3007-8-9 Grams: Minmetkem, Hoddesdon 


Head Offices: 74 OLDHALL ST., LIVERPOOL, 3. Telephone: Central 4641/2 


<@j> FREQUENCY STANDARD 


TYPE 76% 

HE AIRMEC FREQUENCY STANDARD TYPE 761 has been “i 
designed to fill the need for a self-contained frequency standard of 
moderate cost and high accuracy. It incorporates an oscilloscope for visual 
frequency comparison, and a beating circuit and loudspeaker for aural 
checking. A synchronous clock, driven from a voltage of ‘standard 


frequency, provides a time standard and enables long time stability 
checks to be made. 


oy 


@ Master Oscillator: Crystal controlled at a frequency of 
100 kc/s. The crystal is maintained at 
a constant oven temperature. 


WEI 
lars) 
ee 


ACQOE 
& EG 


@ Outputs: Outputs are provided at 100 c/s, ae PROVINCE tangy 
1 ke/s, 10 ke/s, 100 ke/s and 1 Mc/s. Ny <Q 


THE TG 


@ Waveform: The above outputs are available 
simultaneously with sinusoidal or 
pulse waveform from separate plugs. 


@ Stability: Four hours after switching on, a short 
term stability of better than 1 part 
in 10° is obtained. 


n 


LIUT 


ADUZY 


Full details of this or any other Airmec instrument will be forwarded gladly upon request 


ATIR MEG "cH Wrcompe BUCKINGHAMSHIRE ENGLAND 
L I MM. ist hoaeD | 


Telephone High Wycombe 2060 Cables Airmec High Wycombe 
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NOISE TUBE 


Noise Power excluding image 
frequency contribution 


Operating Current 
Overall Length 


Base Diameter 


Discharge Tube Diameter 


~ FERRANTI LTD. - FERRY ROAD - EDINBURGH 5_ Tel. Granton 89181 
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Wire for 
electrical progress 


Lewmex or Lewkanex, Lewcosol or Lewco- 
glass—just a few of the ‘LEWCOS’ 

range of insulated wires designed to meet 
every need or application in the electrical 


industry, backed by intensive research 


and a first class technical service. 


the largest manufacturers of 


THE LONDON ELECTRIC WIRE COMPANY AND SMITHS LIMITED 


LEYTON - LONDON : Ero 


ZENITH 


(REGD. TRADE-MARK) THE PROCEEDINGS 
Ines tclaseigogn OF THE INSTITUTION J 
FLASH TEST EQUIPMENT) — OF ELECTRICAL ENGINEERS — 


with the unique safety test prods 


Erte pes a TEN-YEAR INDEX 
““VARIAC”’ pri- 
mary control I 942—I 95 I 


giving continu- 


ous H.T. voltage 


regulation from TEN-YEAR INDEX to the Journal of The 
zero to maxi- Institution of Electrical Engineers for the 
mum. Standard years 1942-48 and the Proceedings 1949-51 
outputs up to (vols. 89-98) can be obtained on application 
2,000 volts and to the Secretary. 7 
3,000 Volts. ; 


The published price is £1 ss. od. (post free), 
but any member of The Institution may have a ~ 


The ZENITH ELECTRIC CO. LTD. copy at the reduced price of £1 (post free). 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN GREEN 
LONDON, N.W.2 
Telephone: WiLlesden 6581-5 Telegrams: Voltaohm, Norphone, London 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS 


Illustrated brochure free on request 


oe ae 
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ATE. 


— Broadcast Programme 
Channel Equipment 


TYPE B10A 


This equipment fully tropicalized and mains operated, provides a 10 kc/s 
channel for relaying broadcast material over carrier or radio links. The 
programme channel occupies the frequency range 84-96 kc/s, located 
within the C.C.I.T.T. basic group, and replaces three telephone 
channels. It is suitable for use with all carrier systems in the A.T.E. 
range and is built on the modern unit construction principle. 

For further details request publication T.E.L. 1603. 


All A.T.E. Line Transmission Systems are available 
with in-built out-band signalling facilities. 


A.T.E. LINE TRANSMISSION EQUIPMENT 
—designed for continuous service 


AUTOMATIC TELEPHONE AND ELECTRIC COMPANY LIMITED a y) 


© : ns: S E d London. S r Works, Liverpool, 7. 
Strowger House, Arundel Street, London, W.C.2. Telephone: TEMple Bar 9262. Telegrams: Strowger Estrand London. Strowger orks, Liverpoo oe 


AT 14701 
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Illustrated is the Special Type A98 Car 
Body Conveyor Assembly Control Switch- 
board. Each Unit Panel CAN BE WITH- 
DRAWN IN A FEW MOMENTS, per- 
- mitting Maintenance or replacement with 
minimum disturbance to production. 


“THE DONOVAN ELECTRICAL CO. LTD. 
GRANVILLE STREET, BIRMINGHAM I. 


LONDON DEPOT: 149 YORK WAY, N.7. GLASGOW DEPOT: 22 PITT STREET, C.2 


Publications of 
THE INSTITUTION OF ELECTRICAL ENGINEERS 


Proceedings of The Institution 


Part A (Power Engineering)—Alternate Months 

ParT B (Radio and Electronic Engineering—including Communication Engineering)— 
Alternate Months 

Part C (Institution Monographs)—In collected form twice a year 


Special Issues 


VoL. 94 (1947) Part ITA (Automatic Regulators and Servomechanisms Convention) 

VoL. 94 (1947) Part IIIA (Radiocommunication Convention) 

VoL. 97 (1950) Part IA (Electric Railway Traction Convention) 

VoL. 99 (1952) Part IIIA (Television Convention) 

VoL. 100 (1953) Parr ITA (Symposium of Papers on Insulating Materials) 

Heaviside Centenary Volume (1950) 

Thermionic Valves: the First Fifty Years (1955) 

VoL. 103 (1956) Part B Supplements 1-3 (Convention on Digital-Computer Techniques) 

VoL. 103 (1956) Part A Supplement 1 (Convention on Electrical Equipment for Aircraft) 

VoL. 104 (1957) Part B Supplement 4 (Symposium on the Transatlantic Telephone Cable) 

VoL. 104 (1957) Part B Supplements 5—7 (Convention on Ferrites) 

VoL. 105 (1958) PART B Supplement 8 (Symposium on Long Distance Propagation above 30 Mc/s) 

VoL. 105 (1958) Part B Supplement 9 (Convention on Radio Aids to Aeronautical and Marine 
Navigation) 


Science Abstracts 


Section A: Physics—Monthly 
Section B: Electrical Engineering—Monthly 
Cumulative Index 


Prices of the above publications on application to the Secretary of The Institution, Savoy Place, W.C.2 


( xxxi ) LEE, PROCEEDINGS, PART B—ADVERTISEMENTS 


the homes fund 


‘The Chesters’, at New Malden, Surrey, 

is a residential estate for members of The Institution or their 
dependants whose needs have come to the notice of the 
Court of Governors of the Benevolent Fund. 


Funds are still needed to complete the original scheme of 26 


residences. 


*k CONTRIBUTIONS HOWEVER SMALL ARE WELCOMED AND MAY 
BE SENT TO THE HON. SECRETARY OF THE INCORPORATED 
BENEVOLENT FUND, THE INSTITUTION OF ELECTRICAL 
ENGINEERS, SAVOY PLACE, LONDON, W.C.2, OR HANDED TO 

ONE OF THE LOCAL HON. TREASURERS OF THE FUND. 
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THERMIONIC VALVES 


The First Fifty Years 


A special publication of 
THE INSTITUTION OF ELECTRICAL ENGINEERS 
reporting the celebration of the Jubilee 
of the thermionic valve 


Price 9s. 


Profusely illustrated, printed entirely on art paper and bound in substantial 
semi-stiff covers, the Institution publication entitled “Thermionic Valves—the 
First Fifty Years’ contains the lectures delivered by Sir Edward Appleton, 
Professor G. W. O. Howe and Dr. J. Thomson at the Jubilee Meeting in Novem- 
ber, 1954, together with brief descriptions of about 250 valves—from Fleming’s 


diodes to travelling-wave tubes—which were gathered together for the occasion. 
The size of the book is 76 pages, demy quarto, and its price (post free) is 9s. to 


the public, and 4s. to members of The Institution. The edition is limited and 


orders should be sent to the Secretary without delay. 


Obtainable on application to the Secretary 


THE INSTITUTION OF ELECTRICAL ENGINEERS 
SAVOY PLACES LONDON VWiGz 


SS 


SS OT 


EE ET Ty 


- ‘ ~ . 
| aE ELIS SEE LD A RN AT TOT IEE WN A SE Lt AEN FE 7 AIT PET NS? Sh TRAE NETS A LALO SS PEN EET SEES RPO CS SEE ANT PDS St AB ERT EN AE SIS STD TATE IES SR 
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What’s TF stand for? 


Trust a boy to ask an awkward question! 


However, enquiries reveal that once upon a time M A R CO Ni TY Pp a T fr 1 1 00 


when the instrument world was young (about 1936), 


our instruments’ predecessors appeared as radio- 
factory Test Fixtures, and the prefix TF was used 1 0 0 uV TO 3 00 vO LTS 
to distinguish them from wireless sets etc. 

This significance has now changed: TF stands 9% ACCU RACY TO i) Mc/s 
for Marconi Quality, Reliability, and all that is 
best in Laboratory Instrumentation. TF 1100, for 
example, is a Sensitive Valve Voltmeter that excels 
in its field. Write to us for leaflet K127, which will 
give you full particulars. 


BRIEF SPECIFICATION: voLTAGE RANGE: 100xV to 300 
volts a.c. in 12 ranges with full scale deflections of 1, 3, 10, 


30, 100 and 300mV, and volts. FREQUENCY RANGE: 10 c/s to 
10 Mc/s. AccURACY: + 5% of f.s.d. to at least 5 Mc/s. 
INPUT IMPEDANCE : 10 MQ, 25 pF (J - 300 mV), 15 pF (1-300 
volts). METER SCALE: 5-inch, with direct calibration for 


both voltage and dBm. 


AM & FM SIGNAL GENERATORS * AUDIO & VIDEO OSCILLATORS 
FREQUENCY METERS * VOLTMETERS * POWER METERS 
DISTORTION METERS : FIELD STRENGTH METERS 
TRANSMISSION MONITORS DEVIATION METERS 
OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS 


Q METERS & BRIDGES 
S 


BK SS 
MARCONI INSTRUMENTS LTD ° ST. ALBANS * HERTFORDSHIRE - TELEPHONE ST. ALBANS 56161 
London and the South: Marconi House, Strand, London, W.C.2. Tel: COVent Garden 1234. Midlands: Marconi House, 24 The Parade, 

Leamington Spa. Tel: 1408. North: 23/25 Station Square, Harrogate. Tel: 67455. 


TC 127 
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EDISWAN Transistor news 


Mpg Zea 


Ediswan Mazda transistors are currently used in a wide range of electronic 
equipment. Get the facts about them at your finger tips—if you have not already 
applied for a complete set of Ediswan Mazda semiconductor Technical Data 
Sheets, we suggest that you do so now on your company’s letter heading. 


A SYMMETRICAL 
TRANSISTOR 
FOR SWITCHING 
CIRCUITS AND 
MODULATORS 


The new Ediswan Mazda 
XS101 transistor has two 
identical ‘P’ type germanium 
electrodes ; with appropriate 
bias conditions either will act 
as emitter with the other 

as collector. The average 
characteristics for the two 
conditions are identical. 
*The new XSIOI transistors 
can now be supplied, against 
order, for evaluation purposes. 


INCREASED 
RATINGS FOR 
EDISWAN MAZDA 
TRANSISTORS 

The table on the right 

shows the increased 


ratings (absolute at 45°C.) 
which now apply. 


SIEMENS EDISON SWAN LIMITED, 


SYMMETRICAL TRANSISTOR TYPE XS 101 
TENTATIVE RATINGS. Absolute values for 45°C. ambient 


Maximum mean or peak collector/emitter voltage (with 


base maintained at least 1 v. positive with respect to the 
positive end of the emitter supply battery) 

Maximum mean or peak collector/emitter voltage 
(conducting) 

Maximum mean or peak collector to base voltage . 
Maximum collector dissipation 

Maximum junction temperature . 


Thermal resistance in free air 


TENTATIVE CHARACTERISTICS at 25°C. 

*Common base cut-off frequency (minimum) 
*Average Current Amplification. Common Emitter 
(Degree of asymmetry, 1.5 to 1) . is 5 zs : 


* Small signal values at V.=—5V., lL=—ImA. 


TRANSISTOR TYPE XC I0! 


Maximum peak or mean eC poe, Gene 
emitter circuit) . : 


Maximum peak collector to emitter voles with bane ducer to cut 
off (common emitter circuit) with external base/emitter circuit 
resistance less than 500 ohms ‘ 7 
Maximum peak or mean collector/base VolEze jeonanee base 
circuit) : j 

Maximum junction temperature . 

TRANSISTOR TYPES XB 102 AND XB 103 

Maximum peak or mean collector/emitter voltage (common emitter 


circuit) 

Maximum peak collector to emitter voliage with base iten. to on 
off (common emitter circuit) with external base/emitter circuit 
resistance less than 500 ohms 


Maximum peak or mean collector/base Soars (common eA 
circuit) 

TRANSISTOR TYPES XA 101 AND XA 102 

Maximum peak or mean collector/emitter voltage (common emitter 
circuit) : 
Maximum peak or mean eetilewoviace eae PN base 
circuit) 


An A.E.I. Company 


Valve and CRT Division, 155 Charing Cross Road, London W.C.1. 


ba "a * 
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, Ltd ucts . XxiV Marconi Instruments Ltd. XXXili 
irmec Ltd. ; XXVi Marconi Wireless Telegraph Ltd. xi & xviii 
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Siemens Edison Swan Ltd. (Transistors) XXXIV 
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Texas Instruments Ltd. xix 
odge Plugs Ltd. : : 
ondon Electric Wire Co. & Smiths Ltd. XXViii Richer e eS Ane Elena Site 
laude Lyons Ltd. XXVi Zenith Electric Ltd. XXViil 
PHILIPS 
In Science and Industry alike... 
among technicians, manufacturers and those 
engaged in the sale of electrical products — as 
well as among the public at large, the Philips 
emblem is accepted throughout the World as 
a symbol of quality and dependability. 
Century House : Shaftesbury Avenue - London - WC2 
Gramophone Records - Tungsten, Fluorescent, Blended and Discharge Lamps & Lighting Equipment < ‘Philishave’ 


Radiograms & Record Players - 
+ High Frequency Heating Generators 
Electronic Measuring Instruments 
Electrically Heated Blankets 


etio & Television Receivers ° 
+ *Photoflux’ Flashbulbs 


& Resistance Welding Plant and Electrodes 


Electro-Medical Apparatus - Heat Therapy Apparatus 


Sound Amplifying Installatiens - Cinema 


ectric Dry Shavers - X-ray Equipment for all purposes - 


+ Magnetic Filters - Battery Chargers and Rectifiers - 


» Jectors « Tape Recorders * Health Lamps - Hearing Aids - 
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IF YOU ARE 
USING TRANSISTORS 


YOU 


LE 
a 


NEED 


CA 


SOLARTRON 


TRANSISTOR . 
POWER SUPPLIES 


The new series of Solartron Transistor Power 
Supplies covers all voltage and current ranges 
necessary for transistor circuit development work. 
Types AS 757 and 758 are for bench mounting 
and AS 759 is the first in a new family of 
compact-sub-units. 


AS.757 


Bench mounting units have 3-dial decade switch- 
ing, with its inherent simple resetting facilities ; 
also automatic overload protection and load current 
metering. Continuous operation at temperatures 
up to 35°C (95°F) is assured even under maximum 
load conditions and with supply 7% above normal. 


Brief Specifications: 
AS.757: 1A @0-50V, in 0.1 volt steps; Weight 25 lb; Price £95 
AS.758: 10A @0-30V, ino.1 volt steps; Weight 55 lb; Price £195 


AS.759: 1A @1.5V-13.5V, continuously variable; Weight 74 1b; 
Price £55 


THE SOLARTRON ELECTRONIC GROUP LTD - THAMES DITTON : SURREY - 


Output resistance: 0.010 

Output Z to 100 Ke/s: 0.29 

Ripple and noise: less than 1 mV peak to peak 

Stability factor: 200: 1 (AS.758 150: 1) 

Mains input: 90/130—200/240V, 40/60 c/s Permissible deviation + 7% 


TELEPHONE : EMBERBROOK 5522 - CABLES : SOLARTRON, THAMES DITTON 


The Institution is not, as a body, responsible for the opinions expressed by individual authors or speakers. 
An example of the preferred form of bibliographical references will be found beneath the list of contents. 
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DISCUSSION ON 
‘“FREQUENCY-MODULATED V.H.F. TRANSMITTER TECHNIQUE”* 
SOUTHERN CENTRE AT SOUTHAMPTON, 6TH NOVEMBER, 1957 


42. G. Shearing: Until recently, little use has been made of 
quency modulation for communication. It seems para- 
sical that frequency modulation, which produces many side- 
«ds compared with the two of amplitude modulation, can give 
her fidelity and signal/noise ratio in reception. The earlier 
erimental work in Europe and America has had excellent 
tion in the v.h.f. system described. 

s there any evidence of multi-path indirect interference 
ween the service areas and is such interference likely to 
rease with the rapidly expanding European f.m. services ? 
tegarding the new method of transmitter control, does a shut- 
vn occur in the event of failure of any one of the supplies 
ich may not cause an immediate overload, e.g. air cooling? 
: the dual basic major elements interchanged, as required, by 
tote control? Has the air-cooling system experienced trouble 
m the filters or the valve insulation in the contaminated air 
ich may occur in some districts? 

Mfr. E. Wolfendale: When describing the centre-frequency 
‘trol circuits the authors express a preference for a binary 
juency-divider as opposed to the tuned-circuit divider actually 
4d. The binary divider could not be incorporated in the 
asmitter, owing to the large number of valves required, but 
uld have been acceptable had it been possible to perform the 
1¢ Operation with transistors. A frequency divider operating 
n 7-5Mc/s is possible using high-frequency alloy-junction 
isistors of the type OC44 or equivalent, and the method of 
ieving this has been described.+ If the method described in 
paper is applied to the OC44 type transistor, then scaling 
units with resolutions up to 0-1 microsec may be achieved. 
should be interested to learn the authors’ reasons for pre- 
ing the binary divider. 

Tessrs. A. C. Beck, F. T. Norbury and J. L. Storr-Best (in 
yj: In reply to Mr. Shearing, interference between trans- 
ters in separate service areas has, in fact, been reported. | It 
yorth noting, however, that, in anticipation of the possible 
cts of this type of interference, the f.m. stations were so 
ned that at least a 20dB ratio between the wanted and 


35 K, A. C., Norsury, F. T., and Storr-BEsT, J, L., Paper No. 2267 R, November, 
{sc 104 B, p. 225). ; ; tegency nes 
LE APLIN, GB. Band Owens, A. R.: ‘A Junction-Transistor Scaling Circuit with 
9s = Resolution’, Proceedings I.E.E., Paper No. 2076 R, March, 1956 (103 B, 
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unwanted carrier signals between co-channel transmitters would 
be secured in the corresponding service areas. This is without 
taking into account the improvement to be gained by the use of 
a directional aerial. Furthermore, it is not expected that the 
expansion of European f.m. services will give rise to carrier ratios 
poorer than this figure. Experiments have shown that a receiver 
with a discriminator of normal bandwidth and with an a.m. 
suppression ratio of 30 dB or better will be rarely affected by this 
order of interference. Although this a.m. suppression is con- 
sidered appropriate for a fairly good domestic f.m. receiver, 
inevitably some fall short of this target, and under such special 
conditions of interference, it must be expected that these will 
show some deterioration in reproduction. 

The method of transmitter control was developed as a simple 
on/off system with a view to the special requirements of un- 
attended operation. Thus the failure of any section likely to 
affect the safety or serviceability of a transmitter is made to cause 
that transmitter to shut down. Air cooling is included in this 
category. The remote-control system provides for the complete 
change-over from one modulated drive to its standby; the 
transmitters are, however, normally running in parallel, so that 
no facilities are necessary for the interchange of transmitters in 
service. 

On the question of contaminated air, this varies greatly in 
severity between different sites. In industrial areas the condi- 
tions are particularly adverse and frequent maintenance is 
necessary to keep the air filters clean. This problem is receiving 
study at the present time with a view to reducing maintenance 
and increasing filter life. 

In reply to Mr. Wolfendale, the particular advantage of a 
binary frequency-divider in the present application would be the 
elimination of frequency-sensitive circuits. A true counting 
device would obviate the necessity for a second crystal standard 
in the frequency-control system, since the same device could be 
fed directly from the master oscillator irrespective of the par- 
ticular channel frequency. The problems of accurate alignment 
and reliable starting usually associated with tuned regenerative 
dividers would also be avoided. These advantages would, 
however, have to be weighed against the fact that a binary divider 
requires more semi-conductors, whether these be valves or 
transistors, than the tuned regenerative type. 


[ 305 J 12 


535—1 


The Institution of Electrical Enginee 
Paper No. 26( 
July 19! 


( 


THE FORTY-EIGHTH KELVIN LECTURE 
‘INFRA-RED RADIATION’ 


By G. B. B. M. SUTHERLAND, M.A., Sc.D., F.R.S. 
(Lecture delivered before THE INsTITUTION 4th April, 1957.) 


HISTORICAL 


Very early in 1800, Sir William Herschel! began ‘an investiga- 
tion of the powers of the prismatic colours to heat and illuminate 
objects’. On the 8th March he wrote up his results, and the paper 
was communicated to the Royal Society on the 27th. It began 
as follows: 


It is sometimes of great use in natural philosophy to doubt of 
things that are commonly taken for granted; especially as the 
means of resolving any doubt, when once it is entertained, are often 
within our reach. We may therefore say, that any experiment which 
leads us to investigate the truth of what was before admitted upon 
trust, may become of great utility to natural knowledge. Thus, 
for instance, when we see the effect of the condensation of the sun’s 
rays in the focus of a burning lens, it seems to be natural to suppose, 
that every one of the united rays contributes its proportional share 
to the intensity of the heat which is produced; and we should 
probably think it highly absurd, if it were asserted that many of 
them had but little concern in the combustion or vitrification, which 
follows, when an object is put into that focus. It will therefore not 
be amiss to mention what gave rise to a surmise, that the power of 
heating and illuminating objects, might not be equally distributed 
among the variously coloured rays. 

In a variety of experiments I have occasionally made, relating to 
the method of viewing the sun, with large telescopes, to the best 
advantage, I used various combinations of differently-coloured 
darkening glasses. What appeared remarkable was, that when I 
used some of them, I felt a sensation of heat, though I had but little 
light; while others gave me much light, with scarce any sensation of 
heat. Now, as in these different combinations the sun’s image 
was also differently coloured, it occurred to me, that the prismatic 
rays might have the power of heating bodies very unequally distri- 
buted among them; and, as I judged it right in this respect to 
entertain a doubt, it appeared equally proper to admit the same 
with regard to light. If certain colours should be more apt to 
occasion heat, others might, on the contrary, be more fit for vision, 
by possessing a superior illuminating power. At all events, it 
would be proper to recur to experiments for a decision. 


Using the sun as source and a glass prism to produce the 
spectrum, Herschel placed a thermometer successively in the 
various parts of the spectrum, finding a rise of about 7° in the 
red, 3° in the green and 2° in the violet. This proved that radiant 
heat was ‘refrangible’, but Herschel also noticed that the maxi- 
mum of visibility in the spectrum (which lies in the green) did 
not coincide with the maximum of the radiant heating effect, 
which he had proved to be in the red. Moreover, he suspected 
that he might not have reached the maximum of the heating 
effect. Accordingly, he began a second series of experiments 
using the apparatus shown in Fig. 1. 

He placed his thermometer on this occasion just beyond the 
red end of the spectrum and found a rise of 9° when the thermo- 
meter was placed ‘half an inch out of the visible rays of the sun’. 
He concluded as follows: 


We have traced these calorific rays throughout the whole extent 
of the prismatic spectrum; and found their power increasing, while 
their refrangibility was lessened, as far as to the confines of red- 
coloured light. But their diminishing refrangibility, and increasing 
power, did not stop here; for we have pursued them a considerable 
way beyond the prismatic spectrum, into an invisible state, still 
exerting their increasing energy, with a decrease of refrangibility up 


Dr. Sutherland is at the National Physical Laboratory, 


to the maximum of their power; and have also traced them to thi 
state where, though still less refracted, their energy, on account, ¥ 
may suppose, of their now failing density, decreased pretty fas 
after which, the invisible thermometrical spectrum, if I may so calli 
soon vanished. pl 


These experiments, establishing the existence of invisible hee 
radiation, were completed and written up by the 17th Maret 
1800, and communicated to the Royal Society on the 24th Apri 
He had completed and written up a third series of experiment 
by the 26th April, the results of which were presented to th 
Royal Society on the 15th May. The speed with which h 
worked and was able to get his results before his fellow scientist 
should be better known as an object lesson to many of us. 

In the third set of experiments he proved the properties o 
reflection and refraction for invisible heat rays and also measure 
their absorption in a wide variety of materials. These wer 
mostly glasses presumably, since it was his original interest i 
using coloured glasses in telescopes which had led him into thi 
field; but he also examined liquids—including well-water, sea 
water (from the head of the pier at Ramsgate at high tide), wine 
gin and brandy. These results are summarized in Table 1. 


Table 1 


HERSCHEL’S RESULTS ON THE ABSORPTION OF NEAR INFRA-REI 
RADIATION BY VARIOUS LIQUIDS 


Empty tube and 2 glasses stop 542 rays of heat, and 204 of light 
Spring water ,, ,, 5, 9, 998) > 9) 9») » sll nnn 
Sea water ci) 99 9 ” 682 ”> ” 9° ” 288 > ” ; 
Spirit of wine 3° ” ” ” 612 > ” > ” 224 ” ” é 
Gin > 99 > 9 739 ” 3° > ” 626 ” ” t 
Brandy > 99 ”> 3° 794 ” 3° ” ” 996 ” Ped 


It must be remembered that in 1800 the concept of heat wa 
still rather indefinite. Herschel took great care to call the subjec 
of his researches ‘the rays that occasion heat’,’so that he coul 
not be ‘misunderstood as meaning that the rays themselves wer 
heat’. Nor did he attempt to show in what manner they produce 
heat, but he said he was inclined to believe that the heat-makin 
rays “occasioned vibrations in the parts of bodies’—a remarkabl 
example of scientific intuition. If Herschel had had at hi 
disposal a detector of infra-red radiation superior to a mercury 
in-glass thermometer, there is little doubt that he would hay 
gone on to prove the correctness of his speculation and show 
that infra-red rays do excite characteristic vibrational frequencie 
in molecules. The thermometer is such a crude detector thé 
Herschel was unable to penetrate into the most interestin 
region of the infra-red spectrum. 

To make this point clearer, one has only to consider th 
distribution of the energy emitted by a hot ‘black body’ (ie. 
perfect emitter) over the electromagnetic spectrum. This | 
illustrated in Fig. 2. For instance, when the temperature of tk 
hot body is 2000°K, most of the energy is concentrated ju 
beyond the red end of the visible spectrum, i.e. between 0:8 
and 3:5. Herschel’s work was confined to that region, fir 
because of the insensitivity of the thermometer, and second! 
because a glass prism does not transmit infra-red radiatio 
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Fig. 1.—Apparatus used by Sir William Herschel in his pioneer work on infra-red radiation. 


Solar radiation was dispersed by the prism D, and the distribution of heat radiation in this spectrum was investigated by observing the 
temperature rise in thermometers placed in and beyond the visible part of the spectrum. 


ond about 3u. Unfortunately, it is just between 3 and 
jut 30 that the majority of the fundamental characteristic 
vations of molecules occur. Moreover, in order to study 
(in, it is necessary to disperse the spectrum quite widely and 
ixplore it in very small steps, thus reducing the energy falling 
‘the detector to a minute fraction of that which produces a 
ctable rise in a mercury-in-glass thermometer. It should 
| be remarked that, as the temperature of the hot body drops, 
(total energy emitted decreases very sharply (according to a 
aw) and the position of the maximum energy moves gradually 
longer wavelengths (Fig. 2). Progress in the infra-red region 
Jhe spectrum has therefore been strongly dependent on the 
elopment of sensitive detectors. 


DEVELOPMENT OF DETECTORS 


there are an innumerable number of ways of detecting infra- 
‘ radiation (including the subjective one with which our 
ation of heat is associated), but those which have been 
ad of scientific interest and value may be divided into twelve 
+s. They are listed in Table 2, where they have been arranged 
‘faer of penetration into the infra-red. 

' will be noticed that the first six detectors are classed as 
itedetectors, while the second six are called thermodetectors. 
¢ distinction is a fundamental one, since it arises from their 
fle of action and naturally affects their characteristic pro- 
ue. In photodetectors, the incident photon (or quantum) 
‘at-a-red radiation interacts with an electron in the detector 
_wamediately produces an observable effect; e.g. it changes 


Table 2 


Type of detector 
(a) Photochemical 
(6) Phosphorescent 
(c) Photoemissive 


Useful range 
To about 1:3 4 


Photodetectors (d) Photovoltaic To about 5 wu 
(e) Photoelectromagnetic To about 7 u 
(f) Photoconductive To about 8 uv 
(g) Evaporographic To about 10 4 
(h) Thermoelectric All wavelengths 
Therloderectore (i) Bolometric All wavelengths 


All wavelengths 
All wavelengths 
All wavelengths 


(j) Pneumatic 
(k) Radiometric 
|) Thermometric 


the energy state of the electron so that it can take part in con- 
duction (photoconductor) or may even be emitted from the 
surface of the detector (photo-emitter). In thermodetectors 
the action is not so direct. In this case, infra-red radiation is 
absorbed by the detector, thus raising its temperature. This 
rise of temperature may affect the resistance of the detector 
strip (bolometer) or the pressure of a gas in thermal contact with 
the detector surface (pneumatic). Since the thermodetector 
depends on a heating effect and it is not difficult to ‘blacken’ any 
detector surface so that it absorbs all wavelengths, the thermo- 
detector is, in principle, sensitive to all wavelengths, although 
in some cases the effect may become undetectable at very long 
wavelengths (evaporographic limit, about 10). The photo- 
detector necessarily has a restricted range of operation. An 
incident photon of infra-red radiation has a specific amount of 
energy which is inversely proportional to the wavelength. If 


RELATIVE INTENSITY 


: + 
ISIBLE LIGHT 
1500° 


WAVELENGTH, MICRONS 
Fig. 2.—Distribution of the energy in the spectrum of a black body at 
various temperatures. 


The visible part of the spectrum is the shaded rectangle between V and R. Atmio- 
sphere absorption due to CO» and H20 is seen near 2:8, 4-3 and 6°3u. The 
quantity A in the upper table is the wavelength of the maximum of the black-body 


curve. 
AT = C = 2940 


White 
hot 


1800 
1-63 


Relative 
intensity 


the energy of the photon is too low to activate the electron, the 
photodetector cannot operate. This is why all photodetectors 
have a long wavelength limit beyond which they are completely 
insensitive. It should be added that the response of the photo- 
detector usually varies for the different wavelengths to which it 
is sensitive (cf. photographic plate), whereas the thermodetector 
has a uniform response. One further general distinction is that 
photodetectors usually have a much faster response time than 
thermodetectors, since the latter require time for the energy in 
the absorbed quanta to produce a detectable change in tem- 
perature and for this heat to be removed so that the detector is 
ready to respond to a fresh impulse. 


Thermodetectors 


The thermometric and radiometric methods of detecting infra- 
red radiation will not be discussed, since these are now only of 
historical interest. The first effective thermodetector was the 
thermocouple. This is still one of the most widely used detectors, 
for it has been improved enormously since its introduction by 
Melloni? in 1833 as an application of the thermo-electric effect, 
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discovered by Seebeck in 1822. The early thermocouples an\| 
thermopiles (made from a series of thermocouples) were neithe 
very sensitive nor very fast. The modern thermocouple, mad} 
from carefully chosen semi-conductor alloys, can detect a 
incident power of less than 10~!° watt/mm?, and has a time 
constant of less than 0-Olsec. It is of some interest that th 
best one is due to the late Dr. E. Schwarz, who came to thi 
country as a refugee and was given the opportunity to develo) 
this detector by Adam Hilger. 
The thermocouple maintained its supremacy for fifty years 
i.e. until 1880, when Langley? introduced the bolometer, in whic] 
the change in resistance of a fine wire is measured when it 
temperature is raised by the absorption of infra-red radiation 
This discovery has been commemorated in the quaint limeric] 
which goes: = 
Mr. Langley invented the bolometer, 
Which is really a kind of thermometer 
That will measure the heat 
From a polar bear’s seat 
At a distance of half a kilometre. 
Although Langley’s bolometer was superior to existing thermo 
couples, the latter were gradually improved, so that by 1905 
when Coblentz* was doing his classical pioneer investigations 0 
infra-red spectra, there was little to choose between them. Thi 
position is much the same to-day. In general, the thermocouph 
is rather more sensitive when one is working near the limits o 
detection, while the bolometer has a faster time of respons 
(especially the thermistor bolometer). There is, however, on: 
rather esoteric form of bolometer which is both faster and mor 
sensitive than the best thermocouple. This is the super 
conducting bolometer developed by Andrews, Melton ane 
de Sorbo® during the Second World War. It depends for it 
action on the transition to a near superconducting state o 
columbium nitride near 14-3°K. It requires liquid hydrogei 
for its operation and is so elaborate and expensive that it ha’ 
not yet become a practicable proposition, even in the researel 
laboratory. , 
A more practical thermodetector, also developed during thi 
Second World War, is the pneumatic detector, or Golay cell 
named after its inventor Marcel Golay.® In this case, the infra 
red radiation causes expansion in a small volume of gas, which 
expansion can be measured by cleverly magnifying the resultin; 
displacement of one wall of the cell containing the gas. Thi 
detector is quite comparable in sensitivity with a Hilger-Schwar: 
thermocouple and can be made faster in response time (dowi 
to a few milliseconds). It has one great advantage over thi 
thermocouple and bolometer, namely the receiver area is quit 
large; its disadvantages are that it is not quite so robust and cat 
be damaged by overloading. i 
An entirely different type of thermodetector is the evaporo 
graph first successfully developed by Czerny’ in 1929. A crud 
form of this type of detector had been made by Sir John Hersche 
(the son of Sir William) in 1840.8 In Czerny’s form of thi 
evaporograph, the infra-red radiation causes oil to evaporat 
from those portions of a thin film on which the radiation falls 
The resulting change in film thickness is made visible by al 
interference technique. In sensitivity and speed, this thermo 
detector is considerably inferior to a thermocouple or bolometer 
but it is a simple and indeed the only direct way of producing : 
picture by infra-red radiation of intermediate wavelengtl 
(5-20). All other methods for this region involve scanning 1 
some form or other. 


Photodetectors 


Until well into the twentieth century, the only photodetecto 
for infra-red radiation was a specially sensitized photographi 
plate, which could cover only a minute range, namely from th 
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ige of the visible (0:75 2) to 1-0. Although the short range 
the photographic plate greatly limits its applicability, the 
access of infra-red sensitive emulsions in the penetration of a 
sht haze and of camouflage must be well known to all of 
u. Less well known perhaps is its application to the scientific 
de of art history.? Intensive research has still failed to 
ttend this range beyond 1-3, but the Second World War 
imulated research into other means of photodetection which 
d begun to be uncovered shortly after the end of the First 
‘orld War. There is little doubt that the problem of detect- 
g a military target by the ‘passive’ method of observing the 
sat radiated from it was primarily responsible for the recent 
arkable advances in the techniques of photodetection of 
ra-red radiation. Yet the applications of these new photo- 
«tectors have been of far greater importance in pure and 
dustrial science than in the military field. 
The possibility of detecting infra-red radiation through its 
operty of quenching or stimulating phosphorescence, pre- 
ously excited by visible or ultra-violet radiation, was not 
estigated seriously until nearly a hundred years after 
equerel’s discovery of this phenomenon about 1840. During 
© last war, very neat detectors of this type were developed in 
= United States from alkaline-earth sulphides (such as calcium 
4 strontium) containing traces of other elements such as 
reim and samarium.!® Such detectors could be activated by 
adioactive button, and they were often invaluable after dark 
2 means of rallying paratroopers to a leader, who only had 
carry an ordinary electric torch fitted with an appropriate 
‘ra-red filter which removed all visible light from the beam. 
hfortunately, the sensitivity of the phosphor type of detector 
rather poor. As a consequence, it has a limited field of 
\plication, but it possesses the great merits of compactness 
id simplicity of operation. 
A picture-forming photodetector which covers much the same 
age as a photographic plate or infra-red phosphor, but is more 
mvenient for many purposes than the former and considerably 
pre sensitive than the latter, is the photo-emissive detector. 
4is is often referred to as an image converter, since it converts 
i infra-red image of an object into a visible picture. This is 
omplished by forming the image on a film of caesium and 
wer oxides. The work function of this material is sufficiently 
w for the energy of the infra-red photon to cause emission of 
e electron on which it falls. These electrons are then accelerated 
id focused (by suitable electric fields) on to a screen of wille- 
te, so producing a visible fluorescent image.!° Such detectors 
tre widely used during the last war. For instance, tanks and 
er vehicles could be clandestinely driven at night by fitting 
2m with infra-red headlights, the driver being provided with 
table headgear incorporating an image converter. Another 
‘vious military application was to sniping. Since the war, 
ectors of this type have been found very valuable in astro- 
mical and other areas of purely scientific research. 
The remaining three types of photodetectors listed in Table 2 
Yer from the three just discussed in that no direct image of the 
‘ra-red source is produced. By far the most important are the 
‘otoconductors, the first of which was developed by Case,!! 
uc, in 1920, found that infra-red photoconductivity in thallium 
yiphide could be made the basis of a detector sensitive to about 
9». Such Thalofide detectors were used by the Afrika Korps 
) seperate a Lichtsprecher, i.e. to talk along an infra-red beam. 
"ar ng the war, the Germans and, somewhat later, the British and 
® Americans, developed a series of infra-red photo-conductors 
vic. penetrated much farther into the infra-red, namely, 


Lead sulphide with a limit near 3-3 yw (Fig. 3). 
Lead selenide with a limit near 8-O pn. 
Lead telluride with a limit near 6-0 yu (Fig. 4). 
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Fig. 3.—Sensitivity of a lead-sulphide detector to infra-red radiation 
between 1 and 3 yw. 


This detector operates at room temperature. The range of sensitivity can be 
extended to about 3:3 u by going to liquid-air temperature. 
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Fig. 4.—Sensitivity of a lead-telluride detector to infra-red radiation 
between 1 and 6 at 90°K. 


This detector cannot be operated at room temperature. 


These detectors have revolutionized work in this region of the 
spectrum because the best are roughly a hundred times more 
sensitive than any existing thermodetector and can be over a 
hundred times faster in their response time, i.e. less than 10~‘ sec. 
Lead-sulphide and lead-telluride cells are now readily available 
from commercial firms, but the selenide cells have not yet 
progressed beyond the laboratory stage. The manufacture of 
all these cells is a mixture of art and science, and those with the 
best characteristics still have to be selected from large batches 
with a considerably lower performance. Nevertheless, within 
its spectral range the average lead-sulphide or lead-telluride cell 
is still far superior to any thermocouple or bolometer. 

During the past few years, some other photoconductive cells 
have been developed. One of the most promising is indium 
antimonide,'* which is sensitive to about 7. Unlike lead 
telluride or lead selenide, it does not require to be cooled to 
liquid-air temperature, but operates at room temperature. 
Other advantages are that the sensitive layer does not require 
to be kept in vacuo and that the cell has a resistance of a few 
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hundred ohms, in contrast to several megohms for a good lead- 
telluride cell. Most important of all is the fact that the time- 
constant is probably less than 10~7sec. Unfortunately, the 
sensitivity of these cells appears to be so much less than that of 
a good thermocouple that their field of application is at present 
limited to uses where speed of response is the dominant 
requirement. 

One of the outstanding problems in the detector field is the 
provision of a sensitive, fast photodetector which responds to 
wavelengths as long as 20 or 30. Recent investigations in 
Britain!? and the United States!* have shown that silicon may 
fulfil this requirement when used at liquid-helium temperatures. 

Photo-voltaic detectors have been made from thallium sulphide 
and lead sulphide, but their sensitivity was inferior to the corre- 
sponding photoconductive cell and this line of research has not 
been pursued. 

More interesting is the development of a photo-electromagnetic 
detector based on indium antimonide.!° Infra-red radiation 
incident on a single crystal of indium antimonide generates hole- 
electron pairs near the surface; these diffuse inwards and, by 
having the crystal between the poles of a magnet, the holes and 
electrons drift away from one another to produce a voltage 
between the two ends of the crystal. The response time is given 
as 10~°sec or less, and the equivalent noise input near 7 as 
10~° watt, implying a sensitivity not much less than that of an 
average thermocouple.!® 


INFRA-RED SPECTROSCOPY 

In describing the development of infra-red detectors, mention 
has been made here and there of applications, especially to 
military problems, since in the first instance the development 
was often stimulated by a military requirement. However, by 
far the most important use of infra-red detectors has been in 
infra-red spectroscopy, which now occupies a place in science 
comparable with X-ray analysis as a means of investigating the 
structure of matter. Whereas X-ray analysis is based on the 
fact that the regular arrangement of the atoms in a crystal gives 
rise to an X-ray diffraction pattern from which the positions 
and inter-nuclear distances of the atoms can be derived, infra-red 
analysis is based on the fact that atoms are not rigidly fixed but 
vibrate about mean positions and the consequent vibration 
‘pattern’ gives rise to a characteristic infra-red absorption 
spectrum which can be analysed to yield information on inter- 
atomic distances, inter-atomic forces and molecular configura- 
tions. The principal advantage which infra-red analysis has over 
X-ray analysis is that it is much more powerful when matter is 
in the gaseous or liquid state and when hydrogen atoms have 
to be located. X-ray analysis is much more powerful for the 
crystalline state and especially for metals, where infra-red 
methods fail almost completely. 

Some of the basic principles of infra-red analysis can be 
illustrated by considering a simple example such as the carbon 
dioxide molecule, in which the atoms have the symmetrical 
linear arrangement shown in Fig. 5. This molecule has three 
fundamental modes of vibration, from which every other possible 
mode of vibration can be built. Whether any of the funda- 
mental or other modes can be observed in the infra-red region 
depends on whether, associated with that mode, there is a 
periodic change in the dipole moment of the molecule. If so, 
then the molecule can absorb (and emit) infra-red radiation of 
the corresponding frequency. For instance, the unsymmetrical 
mode of vibration illustrated in the uppermost part of Fig. 5 
will produce such a change in dipole moment, since the charge on 
either oxygen atom differs from that on the central carbon atom. 
On the other hand, the middle mode of vibration being quite 
symmetrical does not change the permanent dipole moment of 
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Fig. 5.—The three normal modes of vibration of the carbon-dioxide 
molecule. 
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the molecule (which happens to be zero in this case) and is 
therefore called an ‘inactive’ fundamental, i.e. unobservable in 
infra-red absorption. The third fundamental will be ‘active’, 
since it gives rise to a change of dipole moment perpendicular 
to the line of the molecule. f 

If the arrangement of the three atoms had been OOC instead 
of OCO, or if the three atoms had been arranged in an isosceles 
triangle instead of in a line, all three fundamentals would have 
been active. Thus, by observing how many of the fundamental 
modes of vibration appear in the infra-red spectrum of a mole-. 
cule, it is possible to deduce the configuration of the atonal 
In this way it has been possible to establish the structure of a. 
large number of simple molecules, provided they possess at least 
one element of symmetry, although the method is, of course, 
most powerful for molecules having several symmetry elements. 

The fundamental absorption frequencies of carbon dioxide 
which we have just discussed occur near 4-25 w (top mode) and: 
14 x (lowest mode). If either of these absorption bands is studied 
in detail, it is found to consist of a series of absorption lines. 
These arise from the fact that the molecule is rotating as well 
as vibrating, and this rotational motion is also ‘quantized’ into’ 
a discrete series of rotational frequencies which are superimposed 
on the much higher vibrational frequency. By measuring the 
separations between such rotational lines, it is possible to deduce’ 
the moment of inertia of the molecule and hence the distance 
between the carbon and oxygen atoms... Clearly, such a method 
of determining inter-atomic distances has considerable limita- 
tions, since no molecule has more than three moments of inertia, 
but as soon as we tackle more complex and more unsymmetrical 
molecules the number of independent inter-atomic distances 
exceeds three quite quickly. By using isotopic substitution, it 
is possible to extend the scope of this method, and within its 
range it is by far the most accurate available to the molecular 
physicist. For instance, the separation between the oxygen and 
hydrogen atoms in water is now known to an accuracy of 
0-001A, or 10~1!!cm (0-958A), while the angle between the 
two OH bands can be given to within one minute of angle 
(104° 27’). 
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it might appear from the foregoing that structural analysis by 
‘ra-red can only be applied to a relatively small number of 
dlecules in the gaseous state. While this is true of the very 
curate techniques outlined above, there are less refined 
tthods for which the rotational fine structure is not required, 
id these can be applied to molecules in the liquid or solid state. 
se ‘selection rules’ which determine whether a particular mode 
vibration will be active in absorption are less strictly obeyed 
‘the condensed state. Here, forbidden frequencies may be 
yakly active but can usually still be recognized. Furthermore, 
> majority of interesting large molecules are built up from 
its (such as CH,, CH3, NH,, C=O, C=C, C=N, C=C 
pups) which preserve their vibrational frequencies almost 
ichanged in any environment. The characteristic fundamental 
rational frequencies of the majority of these important 
lecular units have now been identified, and this frequently 
kes it possible to answer certain structural questions which 
» chemist cannot readily answer by more traditional methods. 
Since every species of molecule must have its own vibration 
ittern’, one of the most important features of the infra-red 
ctrum of a molecule is its uniqueness. As it is now possible 
obtain the vital characteristics of the infra-red spectrum of 
most any molecule in a few minutes, the infra-red spectrum is 
‘en the physical property by which a molecule can most readily 

‘finger-printed’. The consequences in chemical analysis, 
,ether in routine, control or research work, are very far- 
ching. No modern chemical laboratory can afford to be 
thout at least one infra-red spectrometer, and the larger ones 
we several in continuous use. One of the leading chemists in 
+ United States, Professor R. B. Woodward of Harvard 
Byetsity, has recently expressed his opinion in the following 
yrds: 


. .. But no single tool has had a more dramatic impact upon 
tganic chemistry than infrared measurements. The development, 
st after the second Great War, of sturdy and simply operated 
machines for the determination of infrared spectra has permitted a 
egree of immediate and continuous analytical and structural 
ontrol in synthetic organic work which was literally unimaginable 
fifteen years ago. The power of the method grows with each day, 
und further progress may be expected for a long time to come. 


isides being a very powerful analytical tool, infra-red spectro- 
¥py provides the chemist with data from which the entropy 
ad other thermodynamic functions of a molecule can be 
nmputed. Some of this information, which is vital to chemical 
lustry, would otherwise be unobtainable. 

The vibrational frequencies of a molecule depend on two 
(tors, the masses of the atoms, and the forces between them 
ich are brought into play when the inter-nuclear distances are 
nged. Consequently, infra-red spectra provide almost the 
ly and certainly the most direct source of information about 
era-molecular forces. We now know the force constants 
‘ociated with the stretching of all the common chemical 
mds and the deformation of the angles between them. This 
icinating subject would require a whole lecture to itself and 
‘so technical that I can do no more than refer to it here. 
stead, I propose to discuss some of the applications of infra- 
{ spectroscopy which may be of more general interest. 


| 
| APPLICATIONS OF INFRA-RED SPECTROSCOPY 
; The Ammonia Clock 


ifPe first detailed examination of the infra-red spectrum of 
‘onia gas was made in 1928 by the late Sir Robert Robertson!® 
tthe Government Chemist’s Laboratory across the way in St. 
wreent’s Inn Passage. He noticed a curious doubling effect 
“seme of the bands. This was more fully investigated at the 
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Fig. 6.—The doubling phenomenon in the rotational spectrum of the 
ammonia molecule. 


The lower half of the diagram shows the observed spectrum between 70 and 105; 
the upper half shows the predicted spectrum. 


Fig. 7.—Pyramidal structure of the ammonia molecule showing one of 
the normal modes of vibration. 


University of Michigan, where it was shown that the lines in 
the pure rotation spectrum were all doublets instead of single 
lines (Fig. 6). The explanation of this effect is that the ammonia 
molecule is a rather flat pyramid (Fig. 7) and the intra-molecular 
forces are such that it is relatively easy for the nitrogen atom to 
pass through the plane of the hydrogens, i.e. for the molecule to 
‘turn itself inside out’. This causes every energy level to be 
split into two separate levels and the whole spectrum is effectively 
doubled. From the separation of such doublets, Dennison and 
Uhlenbeck!? were able to deduce the inversion frequency of the 
ammonia molecule and to predict that a corresponding absorp- 
tion band should be observable in the microwave region close 
tolcm. In 1933, Cleeton and Williams”? carried out a pioneering 
experiment in microwave spectroscopy which confirmed this 
prediction. During the war, great advances took place in the 
production and detection of centimetric microwaves, making it 
relatively easy to work at such wavelengths, and shortly after 
the war it was realized that this characteristic inversion frequency 
of the ammonia molecule could be used as a frequency standard. 
An ammonia ‘clock’ was constructed at the U.S. Bureau of 
Standards?! which was accurate to about 1 part in 10’. Although 
this has now been superseded by a caesium ‘clock’ (recently 
perfected by Essen and Parry?? at the National Physical Labora- 
tory to an accuracy of 2 parts in 10!), the origin of these new 
methods of measuring time lies in the curiosity of some scientists 
and their desire to understand a small detail in the fine structure 
of an infra-red absorption spectrum. 
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The Water-Vapour Line at 1:25cm 


Another example of this same completely unpredictable use of 
a piece of pure research comes from the water-vapour spectrum. 
Although the water molecule is one of the simplest triatomic 
molecules, the rotational fine structure of its infra-red spectrum 
is extremely irregular and complex because it is an asymmetrical 
rotator, ie. the three moments of inertia are unequal. The 
elucidation of this fine structure took several years, and the only 
obvious reward was a more accurate knowledge of the structural 
constants of the water molecule. However, during the war, 
anomalies were noticed in the atmospheric transmission of 
microwaves if the wavelength was a little over 1cm, and these 
appeared to be associated with the humidity. This was extremely 
puzzling, since the pure rotation spectrum of water vapour would 
not be expected to extend into the centimetric region. A 


Table 3 
PLANETARY ATMOSPHERES 


Amount (cm at N.T.P.) | 


N2 
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noticed that nitrous-oxide bands can be detected in the earth’s|, 
atmosphere, but the amount of this laughing gas is too small te|h 
produce significant effects! Again, one may speculate on the, 
character of our world if the concentration had happened to be}, 
somewhat higher. In addition to the gases just mentioned,|: 
methane and HDO have also been identified in the earth’s) 
atmosphere. : / 

To obtain such a spectrum, the sun is used as the source oj) 
infra-red radiation. A careful study of the emission from \ 
various parts of the sun’s surface has proved that carbon” 
monoxide exists in the outer layers of the sun’s atmosphere. 

Even more interesting is the information which can be obtained} 
about certain gases in the atmospheres of the planets from a study) 
of the solar infra-red radiation reflected by them.?? Some ol!) 
these results are summarized in Table 3. Notice that the atmo-/ 


Earth 6:25 x 105 
Venus 


Mars 


Jupiter 
Saturn 
Uranus 
Neptune 


careful re-examination of the very complex energy-level scheme 
of the water molecule revealed two levels, at 447-24cm~! and 
446-50cm~!, between which an active transition was allowed 
which would give rise to an absorption line of frequency 
447-24 — 446-50 = 0-74cm~!, or a wavelength of 1-25cm. 


Atmospheric Absorption—Terrestrial and Planetary 


The absorption of solar infra-red radiation by the atmosphere 
has been studied ever since 1840, when Sir John Herschel’ found 
he could detect at least two bands with his primitive evaporation 
thermograph. Herschel was only able to reach about 1-2; 
Langley’s bolometer enabled him to reach 51, and by 1900 the 
spectrum was extended (albeit crudely) to beyond 10. A rough 
plot of such an atmospheric spectrum (under low dispersion) is 
shown in Fig. 8 as far as 15. It will be seen that it is prin- 
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Fig. 8.—Absorption of solar infra-red radiation between 0-7 and 15 wu 
by the earth’s atmosphere. 


cipally due to water vapour and carbon dioxide. The two funda- 
mentals referred to in our earlier discussion of the spectrum of 
carbon dioxide can be seen at 4:2 and 15. Of particular 
interest is the ozone band near 10, since this is where the 
maximum occurs in the infra-red radiation emitted by the earth’s 
surface at normal temperatures. Indeed, the whole radiation 
heat balance of the atmosphere is controlled by these absorption 
bands of water, ozone and carbon dioxide. If the shapes and 
force constants of these molecules had been different, we should 
have had an entirely different climate on this globe. It will be 


as that of the earth, so that life on Mars could not be exclu 
on that account. However, the amount of carbon dioxide on - 
Venus rules out all possibility of life on that planet. The! 
atmospheres of the next four planets all contain vast quantities|” 
of methane, while that of Jupiter also has an appreciable con-) 
centration of ammonia. No explanation has yet been given of|) 
these facts, which must be accounted for in any satisfactory] 
theory of the origin of the solar system. . 


Analysis of Petroleum?* 


One of the earliest and most successful practical applications) 
of infra-red spectroscopy was to the analysis of petroleum.) 
This was developed during the war to replace older, more/| 
tedious and less precise methods based on the determination of) 
refractive indices and ‘aniline points’. Petroleum consists of ae 
mixture of hydrocarbons; each hydrocarbon has its charac- 
teristic skeleton of carbon and hydrogen atoms and that skeleton 
gives rise to a characteristic infra-red vibration spectrum. For) 
instance, three possible ‘octanes’ are illustrated in Fig. 9. Each 
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Fig. 9.—Arrangement of the eight carbon atoms in three | 
different octanes. ] 
| 


\s eight carbon atoms, but the carbon atoms may be arranged 
| a line (n-octane) or to give branched structures such as 
12.4 trimethylpentane or 2.3.4 trimethylpentane. The 
sanched hydrocarbons have very desirable properties in an 
sternal-combustion engine, whereas linear hydrocarbons have 
ther poor properties. The infra-red spectra of all octanes are 
tremely different. From Fig. 10 it will be seen that even the 
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Fig. 10.—Infra-red absorption bands between 7 and 9 yw. 


(a) 2.2.4 trimethylpentane. 
(6) 2.3.4 trimethylpentane. 


70 branched octanes are easily differentiated from one another 
7 the bands occurring in quite a short range of the spectrum, 
umely 7-9. The success of this method in the petroleum 
idustry was so great that it gave a tremendous stimulus first to 
ie commercial production of simple, reliable infra-red spectro- 
‘eters, and then to their application to every branch of the 
wemical industry. Infra-red analysis is now used extensively 

the large-scale production of petroleum, synthetic rubber, 
jastics, drugs, antibiotics and synthetic fibres. 


The Diamond Problem 


{The pioneer work of the late Sir Robert Robertson on 
imonia!’? has already been mentioned. Another of his dis- 
sveries was that diamonds may be divided into two classes 
a the basis of their infra-red absorption spectra.2° Among 
ee! hundred diamonds which he studied, he found about 
ulf a dozen which showed a spectrum quite different from that 
hibited by all the others. He called the common variety type | 
ind the rare variety type II. He also established differences 
stween the two types in their ultra-violet absorption. These 
ifferences are illustrated in Fig. 11. It will be noticed that 
spe If has no absorption peak beyond 5p, whereas type I 
1s a complex of bands between 7 and 12. In the ultra-violet, 
‘pe II diamonds are transparent down to about 2300A, but 
‘pe I diamonds begin to show absorption near 3000A. It was 
vad by later workers*® that type I diamonds had peculiar 
‘fea streaks in their X-ray diffraction patterns which were not 
ssetved in type II diamonds. 

‘A great deal of subsequent work on this problem has stil] 
iied to produce a complete explanation. Instead it has shown 
at the average diamond is so far from being a perfect crystal 
ai it requires a conference to itself each year! It now appears 
@ the division into two classes was the first step in uncovering 
euch wider variation among diamonds. Although type Ii 
be classed uniquely by the absence of the long-wave set 
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Fig. 11.—Spectrophotometric classification of diamonds. 


The two curves on the left show the difference between the transmission of type I 
and type II diamonds in the ultra-violet. The two curves on the right show the 
difference between the absorption of type I and type II diamonds in the infra-red. 


of bands, type I exhibit a virtually infinite variation in the 
overall and relative intensities of these bands. It is more correct 
to say that diamonds vary between extreme type I to type II, 
since the intensity of the bands beyond 6p varies over an 
extremely wide range. The most likely explanation is that the 
type II diamond comes closest to being a perfect crystal, since 
its infra-red and ultra-violet spectra and X-ray diffraction pattern 
all fit closely the theoretical predictions, whereas type I diamonds 
show anomalies in each of these properties.2” The spectro- 
scopic anomalies can be accounted for formally by the presence 
of impurity atoms or impurity centres (e.g. missing carbon 
atoms). Probably both causes are operative, since diamonds 
are known to contain chemical impurities, but the quantities 
observed are rather small to explain the intensity of the effects. 

A most interesting sub-class of type II diamond has recently 
been discovered, now known as type IIb. These were first 
noticed by their infra-red spectra,28 which showed some extra 
lines in the region of 3. However, the really remarkable 
property was discovered by Custers,?? who found that they were 
semi-conductors. When put between electrodes with a potential 
of a few volts, they transmit a current which builds up so rapidly 
that the diamond soon becomes red hot. 

This example was chosen to illustrate the power of infra-red 
analysis to open up a new field of research. It is often so sensitive 
to smali variations in structure that it will spot an anomaly in 
structure more efficiently than any other method. Unless the 
irregularities in a structure are considerable, they can easily be 
missed by X-ray methods. Infra-red studies are likely to become 
of considerable importance in research in the non-metallic part 
of the solid-state field and have already yielded much valuable 
information about the electronic energy levels in silicon and 
germanium.*° 


Structure of Biologically Important Molecules 


By far the most interesting molecules occurring in nature are 
those which have been evolved for a specific biological purpose, 
and of these the protein molecule and the nucleic-acid molecule 
are of fundamental importance in the maintenance and propaga- 
tion of every forin of life. For instance, protein molecules are 
either the main or the most essential constituents of blood, 
muscle, tendons, skin, hair, feather, enzymes, nerve fibres and 
the anti-bodies which are unconsciously synthesized by an 
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animal to protect it from various diseases. Nucleic-acid mole- 
cules are the most essential constituents of cell nuclei. There 
are two forms of nucleic acid, known as deoxyribonucleic acid 
and ribonucleic acid. The former has been proved to be intimately 
connected with the transmission of genetic characteristics from 
one generation to the next, while ribonucleic acid appears to be 
essential to the synthesis of proteins in the growing cell. How- 
ever, the way in which these molecules perform their biological 
tasks is still a complete mystery. We cannot hope to understand 
this mystery unless we know the structure of these molecules. 
The biochemist has made great progress in showing that each of 
these molecules is a polymer and in identifying the repeat unit. 
However, the configuration of the molecule is a problem for the 
physicist, and various lines of evidence indicate strongly that the 
configuration of the molecule must play a dominant role in its 
mode of action. While the more highly developed methods of 
X-ray analysis have so far played the major role in elucidating 
some of the main features of the structure of proteins and 
nucleic acid, infra-red analysis has given important independent 
evidence and is likely to have an increasingly important role in 
the future developments, since X-ray methods can only be 
applied to the crystalline or highly ordered parts of structures 
and are virtually useless in the liquid state. 


Proteins 


Chemists have proved that the protein molecule is built from 
polypeptide chains of the type shown in Fig. 12. However, 


Fig. 12.—Diagrammatic representation of a polypeptide chain. 


The repeat unit consists of a CO, an NH and a CHR group, where R differs 
according to the amino-acid from which the unit is derived. Proteins may contain 
over ten different amino-acid residues. 


physical methods are required to establish the spatial con- 
figuration of the chain and the spatial relationships of these 
chains to one another in each protein molecule. By studying 
synthetic polypeptides (made from a single amino acid) it has 
now been shown, by a combination of X-ray and infra-red 
analysis, that these can exist either in the fully extended form 
(known as the f-configuration) or in a coiled helix (known as 
the a«-form). This is roughly illustraced in Fig. 13. It will be 
noticed that in the «-form, the CO and NH bonds are parallel 
to the molecular axis, whereas in the B-form these bonds are 
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Fig. 13.—The polypeptide chain. 


(6) Fully extended form. 


all! 
(a) Helical form. 3 j 


The CO and NH bonds have characteristic absorption band 
(near 6:0 and 3-Oyp respectively). Using polarized infra-r 
radiation, it is found that the B-form gives strong absorption in 
these regions only when the plane of polarization is at right’ 
angles to the direction of orientation of the molecular chains. 
For the «-form, the plane of polarization has to be parallel t 
that direction. 
When fibrous proteins such as silk, hair or porcupine quill are 
studied with polarized infra-red radiation, it is found that silk 
closely resembles the f-polypeptide, while hair and porcupine 
quill resemble the «-polypeptide.*! For the globular proteiiil 
such as haemoglobin, the problem is much more difficult becau: 7 
the polypeptide chains are not now all oriented in the same 
direction, and a great deal of work has still to be done before 
the structure of the protein part of haemoglobin is established. 
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Deoxyribonucleic Acid (DNA) 


This is also a giant polymer molecule, shown by the chemist | 
to consist of a repeating pattern of a sugar residue (ribose) 
linked to a phosphate group and a base, in which the key group 
is a hexagon of four carbon and two nitrogen atoms. Certain 
absorption bands in the infra-red spectrum of DNA can be 
assigned to vibrations in the plane of this hexagon. When 
threads of nucleic acid are examined in polarized infra-red 
radiation, it can be seen that the bases (hexagons) must be 
perpendicular to the axis of the polymer.3* From X-ray data, 
Crick and Watson? have shown that the nucleic-acid molecule 
consists of two polymer chains wound spirally about a common 
axis and linked together through the bases. This is illustrated 
in Fig. 14, where the bases appear on the left-hand view as lines 
and the sugar residues are the pentagons appearing at regular 
intervals along the helices. 

Crick and Watson have proposed that the way in which the 
bases are linked together is quite specific, namely as shown in 
Figs. 15 and 16. If this hypothesis is accepted, it is possible to 
see, in principle, how nucleic-acid molecules could replicate and 
thus how the information which determines the genetic charac- 
te istics of a species can be transferred from one generation to 
th'e next. The basic idea can be appreciated from Fig. 17. On 
the right is an intact DNA molecule in which the letters A, 


tig. 14.—Two photographs of a model of the DNA molecule due to 
Crick and Watson.33 


|The chemical bonds in the phosphate-sugar backbone are represented by wire. 
ne pairs of bases are represented by metal plates. The fibre axis is represented by 
je (white) Perspex rod. 


O Axis 


ADENINE 


Fig. 15.—The pairing of the two bases adenine and thymine. 


O AXIS 


GUANINE CYTOSINE 


Fig. 16.—The pairing of the two bases guanine and cytosine. 
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Fig. 17.—Possible replication mechanism for DNA 
(deoxyribonucleic acid). 


C, G represent the bases linking the two polymer chains (i.e. 
adenine, thymine, cytosine and guanine). Let us suppose that 
the genetic information is contained in the arrangement of the 
bases along one chain, since it can be shown that the molecule 
is large enough for such a four-letter code to contain the required 
amount of information. Now suppose that when a cell divides 
to form two new cells, the DNA molecule splits as shown on the 
left side of Fig. 17. Each half of the original molecule can now 
act as a template on which the other half of the new molecule 
will form in a unique manner, since A can only bond to T and 
C to G. 

It must be emphasized that this is only a hypothesis, but it is 
a great advance on anything which preceded it. Weare approach- 
ing the stage when the way in which biological systems store and 
transmit information can begin to be understood in terms of a 
molecular model. When one considers the size, intricacy and 
clumsiness of the computing machine and how little it can do 
in the way of controlling any but the simplest operations, it 
should be clear that the communication and control engineer 
of the future may have a great deal to learn from the biophysicist 
who is probing around now to try and understand the elegant 
and compact way in which nature uses molecules to accomplish 
similar objectives. Infra-red analysis is playing a role in this 
key problem of biophysics. 

Herschel indeed made a prophetic remark when he started 
a paragraph in one of his papers with the sentence: 


Lastly, on the transmission of invisible terrestrial radiation—the 
subject which appears most pregnant with useful inferences for the 
common purposes of life. ... 
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DISCUSSION ON 
‘TRANSISTOR CIRCUITS AND APPLICATIONS’* 


SOUTH MIDLAND RADIO AND MEASUREMENT 


Mr. J. S. Roebuck: It often used to be stated that transistors 


operate satisfactorily in audio- and video-frequency amplifiers . 


on the test bench, but when produced under mass-production 
conditions, the variation between batches is so great that it is 
impossible to obtain the same results. Is this still true? 

Mr. J. F. Evans: What is the simplest method of achieving 
amplitude stability in a transistor oscillator over a wide tempera- 
ture range? We have found it necessary to include a squaring 
circuit in the feedback loop of an oscillator, and to rely on a 
high-Q-factor circuit to remove the harmonics. In this way it 
seems possible to use germanium transistors from —50°C to 
60° C, with small amplitude variation and low second-harmonic 
distortion, as compared with other means of stabilization which 
we have tried. 

Secondly, can thyratron-type servo amplifiers using transistors 
as switches be operated with a partly reactive load? 

Mr. M. H. Roberts: I have done experiments on pulse genera- 
tion and found it possible to pass currents of between 70 and 
100amp through a transistor. Has the author any experience 
with such high currents? 

With regard to the stabilization of circuits over a wide range 
of junction temperatures, I can find little mention of the fact 
that the base current has to be reversed in some cases, and 
manufacturers’ curves give no information about this. 

Another peculiar effect we have noticed is that, in switching off 
an inductive load, the voltage transient does not go as high as 
one would expect, and does not even reach the transistor turn- 
over voltage. There seems to be some mechanism by which 


* MILngs, A. G.: Paper No. 2368, May, 1957 (see 104 B, p. 565). 


GROUP, AT BIRMINGHAM, 20TH JANUARY, 1958 


the energy is absorbed, and we think that the transient rise in 
voltage and dissipation causes the junction temperature very 


1955 (Oxford University Press), |: 
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momentarily to be raised—sufficiently for the collector current to 
continue with zero base current and dissipate the energy in that ; 


way. 


In this way we have been able to switch off an inductive — 


load without any protective measures other than the presence of 


the transistor itself. 


In the square-wave oscillator, with a very simple circuit using — 


only a transformer with feedback windings and resistors, is it 
necessarily the saturation of ‘the core that causes the change- 
over, or can it be the result of the decrease in current gain as the 
current rises? 

Dr. A. G. Milnes (in reply): The difficulties mentioned by Mr. 
Roebuck tend to occur if transistors are used to the limit of 
their performance, without ample design margins. 

A conventional method of achieving amplitude stability in 
transistor oscillators is by using reference diodes to limit the 


swing, and a stability of 1% over a 40°C range has been 


obtained.* Mr. Evans’s proposal should be of interest to those 
concerned with this problem over wide temperature limits. 

Mr. Roberts’s comments are interesting, but with switched- 
type operation into inductive loads it seems desirable that 
induced voltage surges be limited by capacitance or rectifier 
paths in parallel with the load. At the I.R.E—A.1.E.E. Semi- 
conductor Conference in Philadelphia in February, 1958, Dr. 
L. Bright reported some evidence of progressive deterioration in 
the transistors of switching convertor circuits unless switching- 
voltage spikes were suppressed. 


* KRETZMER, E. R.: Proceedings of the Institute of Radio Engineers, 1954, 42, p. 391. 
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SUMMARY 


*ilm moving with uniform velocity is scanned by a series of dis- 
ed rasters in such sequence that the system is applicable to 50 or 
s/s conditions. Three photo-multipliers provide colour analysis of 
image, element by element, and directly produce a video-frequency 
al, so avoiding any necessity for accurate optical registration. A 
ticular equipment is described. 

“he choice of RGB co-ordinates is examined, and arrangements are 
cussed to minimize colour flicker, to provide uniform field illumina- 
a and to offer the most accurate picture reproduction. 


(1) INTRODUCTION 


‘t has been demonstrated over a number of years that mono- 
Yeme television signals of the highest quality may be derived 
‘fa continuously-moving film by the fiying-spot method of 
inning. In this system the source of light appears on the face 
a cathode-ray tube as a focused spot which is deflected to cover 
ectangular raster. An optical image of this raster fully 
cupies an aperture in the film gate in its width, or line direction, 
t-is reduced in its height, or field direction. During each 
ning cycle, however, the height displacement of the spot 
age supplements the constant-speed motion of the film to 
constitute thereon an explored field of normal aspect ratio and 
iform brightness. The spot intensity, modulated by passage 
ough varying densities of the film, is then converted directly 
‘0 a video-frequency signal by the photo-multiplier tube. 
Characteristic of this system are the well-resolved, steady 
itures which exhibit a full range of contrast with no shading 
ors. A good signal/noise ratio is achieved, and reference 
ick is produced automatically to ensure a signal at uniform 
lel. Because of these advantages it is logical to extend the 
hnique to colour television, where the flying-spot system is 
ique, since, with only one scanning process, no difficulties of 
. colour registration are involved. 


(2) CONSIDERATION OF BASIC REQUIREMENTS 


The problem of generating television signals from motion- 
‘ture film can be approached from three main directions: 

(a) An intermittent film projector used with a television camera. 

(6) A mechanism where the continuous-motion of film is optically 
compensated and which is employed either with camera or flying-spot 
analysis. 

(c) A continuous-motion flying-spot scanner using electronic com- 
oensation of the film movement. 


Conventional projectors as employed in the cinema have 
vited application to television, the main obstacle being that the 
wullisec available during field suppression is considerably 
srier than is required for reliable intermittent film transport. 
ecial 16mm projectors with accelerated movements have 
sieved partial success, but the mechanical forces involved are 
+E that it may well prove impossible to apply this principle to 
- targer 35mm gauge. A further difficulty is that, unless there 
~ sdification to the intermittent mechanism, the standard film 
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speed of 24 frames/sec is not suited to television field frequencies 
of 50 frames/sec in Europe or 60 frames/sec in the United States. 

Normal types of television camera tube require either constant 
illumination, or else that a high-intensity image of the film be 
produced by pulsed flashes during each field suppression period. 
In the latter case, the memory characteristics of the tube then 
permit the scan to be conducted in darkness but, unfortunately, 
spurious signals are often generated throughout this interval, 
and random patterns become superimposed upon the desired 
image signal during scanning. This situation has been improved 
by the recent introduction of reliable camera tubes of the vidicon 
type, and under proper operating conditions, such tubes produce 
no spurious signals and yet exhibit the full storage properties 
necessary for the use of standard intermittent film projectors. 
However, in common with all colour analysing systems which 
use separate monochrome camera tubes, the overall definition 
relies upon accurate registration of scanned patches produced 
in three independent camera channels. This entails matching a 
complete range of optical and electronic units, and presents 
formidable problems both in the initial achievement and in 
subsequent maintenance. 

Group (8) includes projectors in which continuous motion of 
the film is optically arrested by mirrors, or by a rotating prism. 
The feature common to all these projectors is precise mechanical 
compensation for film shrinkage which must be incorporated, 
and they are therefore optically complex and necessarily expen- 
sive. Additionally, since three camera tubes would be employed, 
registration between individual channels imposes its further 
limitation. While there have been examples of this type of 
compensating mechanism applied to a flying-spot scanner, the 
unfavourable optical efficiency places such equipment at a dis- 
advantage; it is questionable, too, whether the complication of 
optical immobilization is justified when allied to precise scanning 
which can perform the same function. 

The paper is concerned with group (c). The most successful 
application hitherto has been with 50 field/sec monochrome 
television systems, where an interlaced picture is produced from 
a continuous-motion scanner operated at 25 frames/sec, the 4% 
increase in speed being practically unnoticeable.!7»3 A twin-lens 
system was used with a single scanning raster to form reduced 
spot images which were modulated by the film, and alternately 
selected by a rotating shutter to be fed into a photo-multiplier 
tube. In the present case, which follows a later proposal, inter- 
lace is effected by presenting a raster which electronically alter- 
nates between two positions on the tube face and is imaged by 
a single lens upon the moving film.4 An extension of the same 
principle covers a range of positions for the raster on the tube 
face; by this means the conditions encountered in the 60-field/sec 
television system may be satisfied.> With film travelling at 
24 frames/sec, each successive pair of film frames is scanned with 
five fields; two for the first, three for the next, then two, then 
three, and so on. Above all, these methods impose stringent 
requirements for accuracy, particularly in connection with elec- 
trical deflection in cathode-ray-tube scanning, but they offer 
better utilization of the tube phosphor, improved optical effi- 
ciency, and important mechanical simplification. 
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(2.1) The Flying-Spot Colour System 


In order to introduce the problems encountered and to present 
a coherent solution, a recently developed equipment will be 
described; it derives high-quality colour-television pictures from 
a wide range of commercial colour films. The apparatus has 
been designed for installation in a television station, and, if 
desired, may be used initially in a monochrome version to which 
colour facilities may later be added without structural change. 
Normally, it is not possible to effect the satisfactory conversion 
of a monochrome machine unless the design and specification of 
mechanical and optical components has been considered ab 
initio with relation to the ultimate colour application. 

The spectral composition of light emitted by the phosphor is 
of prime importance in any flying-spot colour equipment; but 
it is sufficient at this juncture to establish that the scanning spot 
is presented in the form of a bright white raster upon the face 
of a cathode-ray tube. A_ specially-corrected high-aperture 
objective is used to produce an image of this spot upon the film 
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Fig. 1.—Flying-spot optical system. 


(see Fig. 1), where certain components of white light are absorbed 
and the remaining coloured light is transmitted. A matched 
condenser system collects this coloured component and directs 
it through a beam splitter to produce uniformly 
illuminated patches in the correct proportions on 
three suitably-disposed photo-multipliers. By this 
method an instantaneous analysis of each element 
in the colour film is achieved in terms of the chosen ws 
primary colours. af " 


(2.2) Immobilization of Film Motion - 


The sequence of patch positions to suit European 
conditions of 50 fields/sec (interlaced) with a film 
speed of 25 frames/sec is shown in Fig. 2. The 
scanning cycle starts when the leading edge of the 
downward-moving film frame reaches the horizontal 
centre-line of the gate. During sjsec from this 
instant the image of the spot Gee the odd-line 
raster in an upward direction, i.e. opposite to the 
motion of the film. The vertical amplitude of the 
scanned patch is such that, in combination with the 
film travel, one complete frame is explored by the 
spot. The even-line raster follows, but is displaced 
in the image through a vertical distance equivalent 
to one-half the frame interval. Since this is pre- 
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of 25sec. At the end of this time the scanning cycle concludes 


with the spot image upon the trailing edge of the film frame 
near the horizontal centre of the gate. This procedure is sub-| 
sequently repeated 25 times per second. 

In the case of the 60c/s television system, a film speed 
24 frames/sec is used, and the sequence of patch positions will 


“ti 
seen from Fig. 3. Starting the scanning cycle with the film wilt ! 


bar at one-tenth of the frame interval below the horizontal centre-| 


line of the gate, the odd-line raster is completed in 45sec, aaa | 


which time the leading edge of the first frame will have advan 
two-fifths of the frame interval. The image of the even-line 


raster must therefore be presented at one-half the frame interval! 


below the gate centre-line, and, after a further ¢ sec, will have 
completely scanned the first frame; this meanwhile has made a 
total advance of four-fifths of the frame interval. 


FRAME 1 FRAME 2 


ODD 
IST FIELD 


cisely the distance that the leading edge of the film 
frame has descended during the 45sec period of the 
initial scan, the same film frame will be explored in 
an interlaced fashion during this following period 


SHIFT + SAWTOOTH = 


1/60 SEC 


The second: 
odd-line scan is therefore presented to the following film frame} 


f 


1/60 SEC 


1/60 SEC 


~ “Veo sec 60 SEC 


Fig. 3.—60c/s scanning sequence. 
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a position one-fifth of a frame interval above the initial 
“ting point, and ¢ssec later the second even-line scan will 
blore the same frame from below the gate centre-line. At the 
d of this second complete scanning, i.e. the fourth field, the 
nole area of the second frame is still exposed in the gate. 
nerefore the next odd-line scan is able to start at the bottom 
\the gate and complete its re- exploration of this frame, finishing 
| the gate centre-line just ;’;sec from the start of the cycle. 
ae next five fields are completed in like manner, with the excep- 
n that the odd and even fields are interchanged. After this the 


'2 film being scanned by two fields and every even frame by 
see. It will be noticed that the total vertical excursion of the 
fanning spot upon the tube face is at least 40% greater than in 
2 previous example, but that each raster is compressed in 
aght to approximately 60% of the normal aspect ratio. In 
wry ¢sec, therefore, two rasters are presented in each of five 
splaced positions upon the scanning tube, and, from the 
sultant image analysis, the interlaced television picture is 
constituted. 

There are several essential requirements in order to produce 
sults of the highest quality. First, field pulses must occur at 
cietly uniform intervals and rigorously in synchronism with the 
m. whose velocity must remain constant at the rate of one-half 
\ternatively two-fifths) frame per field exactly. Also, to avoid 
stortion and defects of interlace, it is important to maintain 
ysitional accuracy, i.e. any particular part of a film frame 
ust be presented to the corresponding points in two successive 
ins at precisely the interval of field frequency. 

in addition to the need for accurate scanning along the vertical 
xis of the picture, the general geometrical characteristics of the 
(tch must be maintained irrespective of its position upon the 
tbe face. It is particularly important that a rectangular patch 
| presented. For example, in extreme positions, it is required 
| maintain interlace between the top corners of a patch generated 
olly in the upper half of the tube face, with corresponding 
rts formed near the horizontal centre-line when the patch is 
ynerated substantially in the lower half. This requires a 
nning field of excellent uniformity to avoid ‘ragging’ or dis- 
\ntinuity of vertical lines, particularly towards the side margins 
the interlaced field. In order to prevent trapezium distortion 
i the image at the film gate, which may be produced optically 
wing to angular displacement of the cathode-ray-tube face, any 
stical and mechanical misalignment must be avoided. Replace- 
ent cathode-ray tubes are therefore located in such a manner 
‘at the screen is held normal to the axis defined by the optical 
ements and the film aperture. 

(It will thus be appreciated that not the least of the major 
‘velopment problems associated with this equipment have been 
cerned with the design and construction of the film transport, 
© scanning coils and the circuits necessary to maintain the 
‘sired accuracy of picture immobilization. 


(2.3) Arrangement of Scanners 


‘A basic principle in the design of this equipment has 
ean the incorporation of preset mechanical and optical 
semblies. These reduce the number of operational adjust- 
ents and confer flexibility to the layout without any sacrifice 

ascuracy. For instance, the unit consists of a flat machined 
ise-casting 27in from floor level, forming a free-standing 
rengement which allows access from all sides (Fig. 4). This 
‘se-plate supports a single cathode-ray-tube ass embly in main- 
ined alignment with two inward-facing film-traction mech- 
liems. The mechanisms may be identical heads, either 16 or 
'=em, or a combination of one head for 16mm and the other 
r 45mm film. Since their location is established from common 
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itire process repeats six times per second, every odd frame of scanmir 
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Fig. 4.—Arrangement of scanners and optical system. 
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datum faces, and since all projectors are of the same basic form, 
they may later be interchanged as required (see Fig. 20). 

The combined cathode-ray-tube support and mirror housing 
serves the pair of projectors, and while each has its separate 
colour analyser, they alternately receive illumination from the 
common scanning tube. The cathode-ray tube is held face 
uppermost against a horizontal location which is preset with 
respect to the mirror assembly and the remainder of the system. 
This orientation of the tube was chosen as the most desirable 
for prolonged operating conditions since it reduces the possi- 
bilities of screen contamination from spots, etc. Also, the 
overall dimensions are reduced and the tube and scanning-coil 
supports are rendered simpler than they would be if the tube axis 
were horizontal. A reflector inclined above the tube face directs 
the beam between the machines to strike one of a pair of vertical 
mirrors which face the lenses of the respective projectors. The 
mirror closer to the tube is arranged to slide vertically; in the 
upper position it is clear of the beam, which is later reflected by 
the farther mirror to No. 1 projector; in the lower position it 
intercepts the beam and deflects it to the nearer projector No. 2. 
The sliding mirror is moved by a remotely actuated solenoid and 
provides an effective change-over between programme sources. 
These mirrors, which have an anodized aluminium reflecting 
surface deposited upon the optically worked flat surface, are, in 
each case, supported by resting the front face itself against a 
machined seating. Such an arrangement allows mirrors to be 
replaced without adjustment, and simplifies the initial machining 
since the only surfaces involved are accurately perpendicular to, 
or at 45° with, the datum base. There are but two reflections, 
each from plane surfaces; therefore no aberrations or distortions 
are introduced in the multiplexing arrangements. 

An image of the raster is formed at the 16mm gate by a lens 
of 24in focus working at 9-0 magnification, while for the 
35mm machine a lens of 4 in focus is used at x 4:2 magnification, 
the initial object size being unaltered. These lenses, which have 
a working aperture of f2:0, have been specially computed and 
made for this exacting application. Besides the normal correc- 
tions, particular care was taken to minimize vignetting, so that 
a sensibly uniform illuminated field is produced, and to correct 
for lateral chromatic aberration, so that images of different 
colours formed in the same plane would be of identical size. 
The latter defect has been corrected to such an extent that it is 
impossible to distinguish any difference in magnification on a 
reproduced white test chart as the colour components are 
switched in or out. An important feature of this lens design 
concerns the distribution of illumination across an elementary 
image spot. In television applications which suffer linear 
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transformation rather than the logarithmic reproduction which 
occurs in photography, it is necessary to concentrate the trans- 
mitted energy into a uniformly bright spot with the minimum of 
low-intensity surround. This offers improved modulation by 
maintaining high contrast, with good blacks, at higher frequencies. 

After transmission through the film, the beam of light is 
collected by a condensing system and analysed by presentation 
to three suitably colour-sensitive photo-multiplier tubes. One 
method of analysis is by means of partially reflecting mirrors 
with photocells sensitive in narrow spectral bands, either due to 
their own characteristics or in combination with suitable colour 
filters. This is wasteful because the partially reflecting film, e.g. 
aluminium, is absorbent, and also because useful light of all 
colours is reflected into each photo-multiplier tube, which is 
only permitted a narrow-band sensitivity. The preferred type 
of beam splitter consists of two dichroic reflectors which are 
themselves colour selective and of high efficiency, since the total 
of transmitted and reflected light is usually 95-98% of that 
incident. An elementary dichroic filter will reflect light of a 
given colour if a layer of material of higher refractive index, and 
one-quarter wavelength in thickness, is deposited upon the 
transparent base. The amount of reflection is then governed 
by the refractive-index differential, whereas the distribution of 
colour is a function of the optical path length offered by the 
layer. Therefore, an increase in the number of alternate layers 
traversed, as well as in the refractive-index difference, improves 
the spectral purity of the reflected colour. Even so, additional 
slight correction filters usually have to be applied to produce a 
true theoretical analysis. 

A profound influence upon the uniformity of colour analysis 
is exerted by the condenser, whose function is to collect coloured 
light transmitted by the film and to image the whole aperture of 
the projection lens upon the face of the photo-multiplier tube. 
During its passage through the projector gate, every film frame 
is scanned in a number of positions, so that, after collection by 
the condenser, light reaches the photo-cathode by a number of 
different paths (see Fig. 5). Since the dichroic reflectors are 
positioned between these components, there is a variation in 
angle of incidence over successive fields amounting to some 
+15°. The optical path length through a layer, and hence the 
spectral characteristic of the dichroic, depends upon the angle 
of incidence; and, owing to this change in characteristic, the 
transmission at different scan positions gives rise to different 
luminance values which result in colour flicker. It can be shown 
that the path difference is 2nt cos r, 


where 7 = Refractive index of layer. 
t = Thickness of layer. 
r = Angle of refraction in the layer. 


The difference in path length, therefore, is much less for small 
angles than for large, and a variation of 15° about normal 
incidence produces only about one-quarter of the difference that 
it would if the angle of incidence were 45°. It will be seen, 
therefore, that the effect of this variation over successive fields 
can be minimized by arranging the beam splitter to present its 
dichroic surfaces normal to the direction of the field scan and 
at 45° to the direction of the line scan, i.e. to distribute its light 
in a horizontal plane.6 There may still be a variation in colour 
signal derived along a line which would impart a tint to the colour 
display, reddish on one side and greenish on the other. ‘Colour 
tilt? controls are provided by which this condition is corrected; 
they separately vary the gains of the photo-multiplier tubes with 
a line sawtooth. !4 

There are, of course, certain values of the position and focal 
length of the condenser assembly which afford a minimum 
variation of incident angle, and their correct choice ensures 
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Fig. 5.—Variations in transmission characteristic during passage 

through gate. | 


minimum colour flicker and optimum colour rendering from side. i 
to side of the field. There are also several possible dispositions | 
of dichroic mirrors in relation to individual transducers, and this 
choice is beset with many practical considerations regarding the 
spectral characteristics of (a) the projection phosphor, (5) the | 
possible dichroic reflectors, and (c) the available photo-multi-_ 
pliers. The final layout, which is shown in Fig. 1, possesses the | 
merit that it demands dichroic surfaces which are relatively simple | 
to manufacture. The optical path distance from condenser to | 
photo-multiplier is the same in each case, although, in the 
interest of a compact assembly, that relating to the blue tube is | 
folded in practice by a fully reflecting mirror. 
When this project was emerging from its initial stages, dichroic 
mirrors of suitable characteristic and sufficient uniform area were 
not readily available. These reflectors have therefore been made 
in the laboratory, and novel methods were evolved in the tech- 
niques of vacuum deposition and measurement. During evapora- 
tion, a light source of constant intensity and chosen colour 
impinges on a test surface and produces a reflected beam whose 
brightness is measured by observing the output of a photocell. 
The time of deposition of each layer is controlled by allowing this 
reflected brightness to build up to a maximum for the high- 
refractive-index layers, or to decrease to a minimum for the low. 
Uniform mirrors are produced by rotating the sample during 
processing, working at an extremely low pressure, and _alter- 


nating layers of zinc sulphide (n = 2-3) with others of magnesium 
fluoride (n = 1-36). 


(3) SCANNING SYSTEM 
The scanning cycle requires two components of scanning in 
the Y-direction at the cathode-ray tube. As shown in Fig. 2, 
the resultant scanning waveform in 50c/s television systems 
derives from S0c/s sawtooth and 25c/s shift components, while 
Fig. 3 demonstrates that, in the case of 60c/s systems, the wave- 
form is a combination of 60¢/s sawtooth and 12c/s shift. 


It will be noticed that errors in the sawtooth waveforms for 
e and field affect every patch in the same way, but in the case of 
je shift waveform, the existence of any error is manifest by a 
sss of interlace when patches are superimposed at the display 
be. Shift waveforms must therefore be stable to within half 
line spacing, which, for a 625-line system, requires an accuracy 
*1 part in 1200. 

The scanning tube is manufactured with extreme precision to 
void errors in patch shape. These would be introduced, for 
ample, by tilt of the front face (1° tilt produces an interlace 
‘ror of about four lines) or by errors in gun alignment giving rise 
» trapezium distortion of the raster and irregularities in spot 
e. The flat-faced tube is used from optical considerations, but 
1e accuracy of deflection of the spot varies inversely with the 
osine of the deviating angle (see Appendix 9). Since this non- 
miformity would introduce distortion, by stretching the top of 
ne patch and the bottom of another thereby preventing interlace, 
orrections to the shift component of the scanning waveform are 
ded to compensate. There are also four magnets, appro- 
iriately placed to rectify the corners of the raster, and these 
secure registration of patches in spite of the usual pincushion 
sformation of the scan.? Care is taken to stabilize the e.h.t. 
lpitage applied to the tube, since instability, by altering the overall 
canning sensitivity, would affect both sawtooth and shift com- 
oments of scanning. 


(3.1) Seanning Coils and Circuits 


Hecause of the low frequencies encountered, the high-impe- 
ance field-scanning coils are supplied by direct valve drive 
stead of transformer coupling® (Fig. 6). The required waveform 


+ + 


SAWTOOTH 


SHIFT 
COMPONENT COMPONENT 


Fig. 6.—Field drive circuit. 


s obtained by generating separately the sawtooth and the shift 
veveform, the two being added in a mixer circuit which drives 
te push-pull output stage. The push-pull circuit avoids 
wblems introduced by direct current through the coils, since 
hese are arranged so that the magnetic fields due to the standing 
»-rent of each valve in each limb of the coil assembly are can- 
‘ied. Negative feedback, controlled by the current through the 
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scanning coils, is introduced to limit valve distortion and to 
maintain linearity with stability. 

Line and field scanning coils are wound on a square yoke of 
Ferroxcube I sections, each coil being provided with a separate 
micrometer movement in a transverse direction; this allows 
adjustment for the best patch shape under working conditions 
(Fig. 7). The assembly is located about an axial Paxolin tube 


ANODE Tf 


Y 
FIELD | COILS 


ANODE 2 


Fig. 7.—Scanning coils. Arrangement XY. 

by accurately machined spiders to which the Ferroxcube pieces 
are pressed, and then the yoke is enclosed in a thin copper shield 
to increase efficiency at line frequency. The focus coil has a 
soft-iron shroud and requires an m.m.f. of 800AT, and, to 
correct for possible gun misalignment, there are centring coils 
at the rear of the assembly. 

It is automatically ensured that, when the machines start, the 
patch motion is synchronized with a film frame. Otherwise, in a 
50c/s system, the frame bar could occupy one of two positions 
depending upon the particular moment of switching on. In this 
case, uncertainty is avoided by generating a phasing pulse at the 
motor-drive unit every second film frame (four television fields), 
and using it to trigger the patch cycle. The square wave is 
controlled in amplitude by passing through a two-diode window, 
and connected to the mixer circuit to bring the patches into 
interlace. 

When dealing with the 60c/s system, which could give rise to 
five possible positions of the frame bar depending upon the 
precise moment of switching, an interlocked 12c/s shift waveform 
is required. This is provided by relays which follow a regular 
sequence and select potentials from a high-stability resistance 
bleed from the h.t. line to earth (Fig. 8). The step voltages, 
which are adjustable over a range of +5% by series potentio- 
meters, are connected via series resistors to the contacts of 
polarized high-speed relays which have two windings and require 
to be driven both on and off. The relays are operated by 
switching pulses generated by a cascade of five multivibrators. 
The phased pulse from the motor-drive equipment is applied to 
a 1-in-5 counter circuit, which divides the field repetition rate of 
60c/s and produces a 12c/s output to trigger the first multi- 
vibrator. The pulse then generated is used to switch the respec- 
tive relay for one field period; its back edge is used to trigger the 
second multivibrator, which also generates a pulse of one field 
period, and so on in immediate succession. 


(3.2) Automatic Control of Scanning-Tube Brightness 


The brightness of a scanning tube with fixed beam current 
varies over the raster because the spot size, and therefore current 
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Fig. 8.—60c/s shift waveform generator. 


density at the phosphor screen, is not constant. Unfortunately, 
zinc oxide exhibits a saturation effect which limits brightness as 
the current density increases, so that, in areas of smallest spot 
size, the intensity is less. Brightness is also affected by browning 
of the front glass plate, owing to electron penetration, and this 
causes a loss of transmission which may not be uniform for 
different patch positions. If succeeding picture fields have 
different brightnesses flicker is apparent, and so a photo-multiplier 
tube is arranged to measure the brightness at every point of the 
raster, and pass an error signal to the grid of the scanning tube 
(Fig. 9). Because slow changes are experienced, a bandwidth of 
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Fig. 9.—Automatic control of scanning-tube brightness. 


150 ke/s, which is ten times the highest line frequency, is sufficient, 
and the photo-multiplier output signal; limited to 1mA, feeds a 
150-ohm low-capacitance cable with a first-order doublet network 
termination. At frequencies within the 150kc/s band, the impe- 
dance is 1-5 kilohms, giving 1-5 volts signal, but at high fre- 
quencies the line is terminated in its characteristic impedance of 
150 ohms. It should be noted that variations in the peak signal 
only are wanted, and the flyback pulse is ‘backed off’ by an 
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opposite pulse. A 3-stage wide-band amplifier provides set | 
voltage swing to reduce brightness variations by 15 dB. 


(4) FILM TRACTION 


| 

i 

In order to fulfil the scanning requirements, the film speed as | 

it traverses the scanning zone must be maintained to within very |» 


quarter line with a 625-line system, errors in the instantaneous | 
position for 35mm film must not exceed 0:0003in, and in the 
case of 16mm film, 0:00012in. These demands are particularly f 
severe in the case of the 16mm film, which is located by only one |» 
perforation per frame, and yet is submitted to magnification }/ 
2-15 times greater than the 35mm film, which has eight per- | 
forations available. In each case the speed of transport must be | — 
uniform to a very high degree, and consequently the machines 
require to be built with considerable precision. AAV 

In any mechanism, accuracy of performance is generally |» 
inversely proportional to the degree of complexity, and for this 
reason the gearing in this machine is limited to one stage per 
function (Fig. 10). The speed reduction between driving motor j 
and film sprockets is considerable, and so a satisfactory choi 7 i 
of gearing methods is to use the worm and wormwheel, which Hi 
can be made in hardened form with great accuracy by modern $ 
techniques of thread and profile grinding. Further refinement in |” 
performance is obtained by providing, between the wormwheel — 
and the master-sprocket spindle, a mechanical filter system which 
is the analogue of an electric low-pass filter. 

The mechanical filter consists of a Duralumin drum, inside | 
which is concentrically mounted a freely-rotating, heavy flywheel. | " 
Since only small clearances are allowed between the drum and | 
flywheel and the space is filled with oil of a suitable viscosity, | 
any rotational oscillation between the two tends to be damped. | 
The drum itself is solidly fixed to the sprocket spindle; it is driven ¥ 


which bear against adjustable abutments on the drum. The chief 
requirements for correct operation of such an arrangement are, | 


wormwheel operating surfaces, and secondly, the provision of a g 
reasonably constant load on the master film sprocket. These | 
features can be regarded respectively as the earth and terminating | 
resistance of the filter system. 

Backlash is avoided by making the wormwheel boss relatively | 
large in diameter and arranging for it to rotate upon a stationary 
quill surrounding the bearings of the master-sprocket spindle. | 
The cylindrical surface of this quill is lapped to suit the bore of | 
the wormwheel and to provide a small clearance. Consequently, - 
when the wheel rotates, the resistive load presented by shearing 
the oil film between these surfaces effectively maintains contact 
between the driving faces. The independent support provided 
by the quill also relieves the sprocket spindle from any radial 
loading due to worm and wheel reactions. The second require- » 
ment of load on the sprocket is applied by friction of the film 
over the curved film gate, the pressure between film and gate — 
being determined by the effect of a regulating roller above the ~ 
gate. The enlarged spindle of this roller rotates in a bore with 
small clearance, and, since this is oil-filled, a resistive load is 
imposed by shearing the oil film in the same way as for the 
master-sprocket arrangement. 

The master film sprocket is of special construction, incor- 
porating hardened and profile-ground toothed rings to engage 
the film perforations. Their design allows either new or shrunk 
film to be run without sprocket-tooth interference. The usual 
feed and pull-off sprockets are provided, the film being kept taut 
between feed sprocket and the regulating roller by means of a 
spring-loaded jockey roller. 
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Fig. 10.—Mechanism of 35mm scanner. 


The 16 and 35mm machines are very similar except for the 
ize of sprockets and layout of spindles, the same basic castings 
ind many other details being common to both types. Each is 
iriven from a Selsyn motor mounted close beneath the mechanism 
ind coupled directly to the main shaft. To align the film in the 
rate for ‘framing’, the motor body is given a limited rotational 
Povement around its axis, this adjustment being effected by 
means of a worm engaging with a toothed segment on the 
netor case. 


(4.1) Motor Selsyn Set 


The individual Selsyn motors are supplied from separate 
e-rerating units housed in cubicles. These comprise a 3-phase 
r tor of special type driving a main Selsyn generator through 
utable gearing; the output is then available to the motors of 


film mechanisms and also to associated sound equipments which 
are required to operate in synchronism. Although an optical 
sound head is provided on each picture unit, it is sometimes con- 
venient to use an independent sound film or magnetic tape, and 
by this method a number of picture and sound reproducers can 
be operated in parallel. 

Each auxiliary driving motor must be synchronized with 
television field pulses and independent of the mains supply 
frequency; this allows film to be inserted into programme derived 
from another source, even though there may be a frequency 
difference of up to +2c/s. 

The main generator driving motor has 3-phase windings on 
both stator and rotor, the stator winding being connected directly 
to the station mains supply, while the rotor is fed from a separate 
source controlled by the television field pulses. The speed ratio 
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between driving motor and Selsyn generator can be arranged to 
provide the correct film speed at supply frequencies of either 50 
or 60c/s, by using an appropriate set of gears. A contact-maker 
in this drive provides a timing pulse to maintain synchronism 
of the patch movement with film motion, as explained in 
Section 3.1. 


(5) COLOUR ANALYSIS 
(5.1) Choice of Co-ordinates 


The following considerations are important when adopting 
basic colour co-ordinates for a system: 
(a) Fidelity of colour reproduction. 


(6) Signal/noise ratio in the luminance signal. 
(c) Efficient use of light. 


The discussion will be limited to two possible systems of 
analysing co-ordinates (see Fig. 11), namely: 
(i) The N.T.S.C. primary colours, which are RGB (0:67, 0-33) 
(0:21, 0-71) (0-14, 0-08). j 
(ii) The C.I.E. primary colours, which are XYZ (1, 0) (0, 1) (0, 0). 


Fig. 11.—RGB and XYZ distribution coefficients. 


(5.1.1) Colour Fidelity. 


Dealing first with the RGB co-ordinates, it will be seen that 
there are negative components in the required responses R, G, B, 
and so it is necessary to employ at least six transducers, i.e. two 
or more photo-multipliers per colour lane, to synthesize these 
curves accurately. If three photo-multipliers only are used, the 
colour analysis becomes inaccurate, because the minor negative 
lobes of the curves are neglected. As an example, assuming 
otherwise complete analysis of some representative Wratten 
filters, errors which would be introduced have been computed 
and plotted in Fig. 12. It will be seen that, generally, colours 
are desaturated, and some examples exhibit an error about six 
times greater than that which is accepted as photometrically just 
perceptible. 

An alternative is to use XYZ co-ordinates, since the curves are 
entirely positive, and a complete and faithful analysis of the 
object colours can be achieved with three transducers. In this 
case, it would be necessary to obtain RGB signals before gamma 
correction by including matrix circuits. 
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Fig. 12.—Errors in RGB analysis of specimen filters. 


@ Measured in channel. : 

x Calculated (neglecting negative parts). 
© Actual value for colour filter used. 

A Illuminant C. 


(5.1.2) Signal/Noise Ratio. 


The luminance, or output-brightness, signal is compounded to ~ 


the following specification: 
Vy = 0°3Vp + 0:59VG + 0-11V5 


and it is important to investigate how the r.m.s. noise voltage of | 
each component combines to produce noise in the luminance | 


signal. ; ; 
In a flying-spot scanner, the noise produced is almost entirely 


due to random fluctuations in electron emission from the photo- | 


cathodes, and so is proportional to the square root of the signal 
current. However, the gamma-correction circuit, to which the 
output signal is applied, also has an approximately square-root 
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relationship, and the combination produces a constant noise — 


voltage in each colour lane. This is true for all signals except 
those of low intensity, where the gamma-correction circuits 
depart from theoretical performance. However, since 


Vy = V[O-3V ng)” + 0-59V ng)? + O-11V ng) 
where Vyyy, Vip, etc., represent noise voltages after gamma cor- 
rection in Vy, Vp, etc., signals, respectively, it will be seen that 


the noise voltage, Vjy, in the luminance signals is independent 
of colour. This means that, in the RGB system, the r.m.s. noise 


| 


voltage remains nearly the same for white as it is for colours, — 


apart from the most saturated ones, where noise is reduced. 

In the XYZ system, matrices are required to obtain RGB 
signals before gamma correction can be applied. For white, 
the signals voltages are applied to the same point of the 
gamma curve in each colour lane, so that noise voltages are 
modified in the same way, and the V}; signal reverts to the 
signal and noise voltages from the Y photo-multiplier tube. 
However, for any colour, the derived RGB signals are applied 
to different points of the gamma curve in each colour lane, and 
the noise voltages are modified in different ways. Therefore, the 
output Vy signal for any colour contains components of X and 
Z signals, and the Vy noise voltage contains noise from the X 
and Z multiplier tubes. The result is that a red field, for 
example, may have as much as 20dB more noise than a white 
one. The r.m.s. noise voltages for different colours in. both 
systems are shown in Figs. 13(a) and 13(b). These computations 
were derived from the following values, which approximate to 
those realized in a practical colour scanner: 


X and R noise signals = 50mV in a 1-volt signal. 
Y and G noise signals = 25mV in a 1-volt signal. 
Z and B noise signals = 50mV in a 1-volt signal. 


G 
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ig. 13.—R.M.S. noise (in millivolts) for 1 volt (peak) V; signal. 
A Itluminant C, 

2) Using RGB co-ordinates. R.M.S. noise in RGB signals is 
R = B= SOmv. 


G = 25 mV. 
# Using XYZ co-ordinates. R.M.S. noise in XYZ signals before matrix to 
Bis 


\ 
Z and X = SOmvV. 
Y = 25mV. 


1.3) Utilization of Light. 

The phosphor of an ideal scanning tube would produce light 
ergy throughout the entire visible spectrum, but would also 
hibit a short decay time—in practice, less than 1 x 10~®sec. 
nless this time is realized, the light emitting from a point in 
e phosphor after the electron beam has passed degrades picture 
ality owing to continuous motion of the film. The most 
tisfactory screen material is zinc oxide (approximately equi- 
lent to P.15), and this is used in the scanning tube type R5161U. 
F-om the available photo-multiplier tubes, two types have 
© chosen for their particular spectral characteristics. The first 
t-pe 6097, which uses an antimony-caesium photo-layer sensi- 
¢ to blue and green but offering no response beyond 6000A, 
¢ the second is type 6095 using a silver-bismuth layer, which 
teads its response to 7000A, although it is less sensitive in 
blue and green region. The spectral characteristics of the 
-sphor and of these two photo-layer materials is shown in 
g- 14. 
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Fig. 14.—Spectral characteristics of phosphor and photo-layers. 


Reference to Fig. 11 shows that R, G, and B cover narrower 
spectral bandwidths and overlap less than X, Y, and Z. It is 
evident, too, that the antimony-caesium layer used for B and Z, 
respectively, also exhibits a characteristic closer to G than the 
silver-bismuth layer which is required for Y. The latter type is, 
however, eminently suitable for R and X, which are similar in 
shape. Since the use of a photo-multiplier with more sensitivity 
endows the G signal with at least 3dB less noise than the Y 
signal, and since the colour discrimination is improved, the use 
of RGB co-ordinates is considerably more efficient. 


(5.1.4) The Choice Between RGB and XYZ Systems. 


Colour analysis, which has perfect fidelity in an XYZ system, 
suffers noticeable distortion with the RGB system if three photo- 
multipliers only are used. However, it has been shown on the 
baisis of signal/noise ratio in the luminance signal, that the 
adoption of RGB colour co-ordinates is preferable to XYZ. 
A further factor concerns the types of photo-multiplier used; 
the combination which reduces noise in the G signal offers to 
the RGB system an increase in light efficiency which could not 
otherwise be achieved. Additional points in favour of this 
system are the convenience of amplifier design and operation, 
and the fact that matrices are avoided. 

Therefore, because of the foregoing factors, the RGB system of 
taking co-ordinates was chosen and the rest of the paper deals 
with problems consequent upon this decision. 


(5.2) Beam Splitter 


An efficient beam splitter would divide light at every wavelength 
in accordance with the spectral requirements of each colour lane. 
If the light outputs to each colour lane are 7Vy, FV, and bVy, 


R 
Ya Sse = —V; 
RAG oe 
G 
—a— = V; 
E&Y) j. Stare cae) 
c B 
by = >——>— NM 
R+G+4+8B 


which assumes that 7 + g + 5=1 and that the R, G, and B 
channels are of equal importance. 

However, the N.T.S.C. system specifies the luminance signal, 
so that, supposing light to be used with equal efficiency in each 
colour lane, the relative distribution of light at the light divider 
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should be 0:3R, 0:59G, 0:11B. The output characteristics of 
the beam splitter are therefore 


0:3R 
Snel Be R ee 
A 0:3 0506 OIE 
0-596 
By =— : V3 
\~ Q:3h 0:506 0s tn 
0-118 


by, = —= = =V; 
* 0-3R + 0-59G + 0-118? 

Reference to Fig. 1 will show that the chosen arrangement of 

dichroic mirrors requires the following relationship to be fulfilled: 
If the reflection from dichroic mirror 1, Ry, is 6, the transmis- 

sion of the same mirror, T,, is (1 — 4) 


and T,R, =F 
that R é 
a ‘=o ra 
3 oe Ep 
r o 
d Shy Sk = ad 
a ? ies. bar ites 


Transmission curves for mirrors 1 and 2, comparing the ideal 
requirements with the practical results achieved, are shown in 
Fig. 15. 
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Fig. 15.—Beam-splitter characteristics. 


Dichroic mirror 1. 

eal curve. 
=—o—= Curve obtained. 

Dichroic mirror 2. 
—--— Ideal curve. 
«=== Curve obtained. 


(5.2.1) Colour Correcting Filters. 


The products of the spectral characteristics of all the elements 
in the colour lanes should produce the required distribution 
coefficients R, G and B, ae ee ee 16). 


Gs hooese 
and B=F, XS, 


where Sp, Sg and Sp represent the products of the spectral 
characteristics of all the elements, 

and Fp, Fg and Fz are correcting filters required in the 
R, G and B lanes, respectively. 


For example, as applied to the red lane, Sp is the product of 
spectral characteristics of (a) the scanning tube, (6) the trans- 
mission of mirror 1, (c) the reflection from mirror 2, and (d) the 
red photo- -multiplier tube. In a similar manner the products 
Sp, Sg and Sz can be computed, allowing, where necessary, for 
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Fig. 16.—Spectral characteristics of RGB lanes. 


—-— Curves obtained. , 
— Ideal curves (RGB without negative lobes). 


the small additional loss in the blue region due to absorption in 
the glass. 
The optical system of the flying-spot film scanner is designed 
to produce a diffuse beam of light at the photo-multiplier surfaces, 
and a novel design for the practical realization of correcting 
filters has been evolved. These are constructed with calculated | 
amounts of commercially obtainable gelatine colour filter from) 
which the required transmission can be accurately and most. t 
efficiently synthesized. By inspection of the required cable 


characteristic, in comparison with the products of 5 and probable | 
individual gelatine filters, appropriate sectors may be arranged | 
about the centre of the light beam, offering colour analysis 
independent of the aperture of the system. A simple correcting, : 
filter for the ‘red’ lane, demonstrating the method by which it 
has been constructed, is shown in Fig. 17. | 


RELATIVE RESPONSE 


4000 


Fig. 17.—A correcting filter for ‘red’ Jane. 
F, and F; are filters. 


The overall response curves for the three colour lanes demon- 
strate that the results are a compromise between accuracy of 
analysis and efficiency of light transmission (Fig. 16). For 
example, the ‘green’ curve could be improved at the red end only 
by increasing the amount of red filter, but this would reduce the 
light transmission and increase noise in the ‘green’ signal. 


(5.2.2) Test Procedures. 


There are two convenient ways of assessing fidelity of colour 
analysis. In the first method the response of each colour lane 
to a number of narrow-band interference filters is measured. 
The results obtained in this way are presented in Fig. 16. The 


ond method derives the chromaticity co-ordinates of a par- 
lular gelatine filter from measurements of the RGB signals. 
ithis way the ‘measured’ values were obtained for the Wratten 
ers shown in Fig. 12. 


(6) VIDEO-FREQUENCY SIGNALS 
(6.1) RGB Signals 


Bach projector has its own colour picture head, from which 
¢ output signals are approximately proportional to the incident 
fours. The outputs from one colour picture source are selected 

relays and passed to a vision-level control, which is an 
>urately matched 3-ganged potentiometer, maintaining approxi- 
itely 75 ohms impedance over a signal variation of 2:1 in 
ch colour lane. The RGB signals at this point are 18mV 
sak) colour while black level is at zero volts (Fig. 18). Correc- 
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Fig. 18.—Video-frequency block schematic. 
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ons for afterglow of the scanning tube are made before 
mnection to the amplifier unit, which delivers signals at a level 
itable for gamma correction. A variable lift pulse is added 
each colour signal in this amplifier unit, so that picture black 
ay be moved towards black level. Gamma correction is applied 
parately to each colour signal, and it can be varied to adjust 
€ contrast range of the RGB colour signals to suit the colour 
seiay. Suppression pulses are then added to provide RGB 
itvut signals suitable for monitoring, white balancing, etc. A 
yieur-mask unit may be inserted at this point in the vision 
rcuit, to derive a new set of colour co-ordinates R”, G”’, B” 
here: 


eae = bC R ¢(B = RF) 
OG aR = G) cB’ — GC) 
aeen 6 a(R 8) b(G = B’) 
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The coefficients b;, c1, @, C2, a3, and b; are variable, but when 
reduced to zero, they still offer an unimpaired relationship for 
white: 

Ri sR GiGi and BY = B 


The colour-mask unit offers control of hue and saturation of 
the reproduced colours to provide a more pleasing effect, or to 
correct for shortcomings in the rendering of some types of colour 
film. For example, a more saturated red is obtained by 
increasing the coefficients a, and a3, thus reducing the ‘green’ 
and ‘blue’ components. On the other hand, increasing a, and 
reducing a3 will change the hue of colours with a red content, 
because the ‘green’ signal is reduced but the ‘blue’ is increased. 


(6.2) Colour Modulator 


The colour modulator accepts the output RGB signals and 
produces a composite signal to the relevant specification, which 
may be for the 525-line 60-field/sec, 405-line 50-field/sec or 
625-line 50-field/sec television systems, respectively. Variable 
aperture correction is applied to the luminance channel (Y) only; 
this compensates for loss of high-frequency response at the 
scanning tube and optical components, and a maximum of 9dB 
boost at 5 Mc/s is available. Synchronizing pulses are added to 
the Y signal, and the bandwidths of the two colour difference 
signals, I and Q, are appropriately limited. One set of YIQ 
signals is then available for connection to a local colour monitor, 
and from a second set with an externally generated colour sub- 
carrier, the composite colour signal is produced. 


(6.3) White Balance 


The N.T.S.C. system requires that the chrominance signal 
disappear, i.e. R = G = B for Illuminant C (6500°K), although, 
when clear film base is projected in an average cinema, the colour 
temperature of white reflected from the screen is 5200°K. In 
the colour scanner it is simpler to set up white balance if equal- 
energy white is assumed, i.e. 5500°K, in which case, RGB 
video-frequency signals should be adjusted with clear film base 
to give 


R = 1:09 units of signal. 
G = 0-99 units of signal. 
B = 0:84 units of signal. 


(6.4) Monitoring Facilities 


Complete video monitoring facilities are included, a high-grade 
monochrome picture display being provided on a 14in rect- 
angular tube, with a separate waveform display presented on a 
4in tube. By pressing the appropriate button at the control 
panel it is possible to view any one of the R, G, B or Y signals. 
In this way white balance, and corrections for afterglow or tilt, 
can be observed separately while being applied to the individual 
colour lanes. 
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(9) APPENDIX 
Deflection Sensitivity Error due to a Flat Tube Face 
It is assumed that the scanning coils are ideal, i.e. the scanning 
field is uniform and directly proportional to the scanning current /. 
In Fig. 19 the beam will follow a circular path of radius r 
while in the field H, where 
mv 
r= — 
eH 
m, e and v being the mass, charge and velocity of the electron, 
respectively. Also H is proportional to J as stated. 


i.e. r= x es a eee 1) 
If 
where K is a constant 
From Fig. 19 D=Ltan0 
and r = I/sin 0 aR a ANI Kaghonc tC) 


The deflection sensitivity is given by 


Lr tan 0 
K 


Ll 1 
K cos 


Dit = 


Meee 


after substitution from eqn. (2). 
From eqn. (3) the deflection sensitivity at the centre of the 
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Fig. 20.—Scanner assembly. 


tube face is LI/K. Eqn. (3) shows that the deflection sensitivity | 
is not constant but varies as the inverse of the cosine of the 
deflection angle. ; 
The percentage error in the deflection sensitivity, for a deflec- 
tion @, may thus be given approximately by (1 — cos 6)100. 


- G. G. Gouriet: The continuous-motion approach to film- 
anning, in which the image is immobilized by the motion of 
2 scanning spot, is still, in my opinion, the most elegant of 
_. methods, and it is pleasing to see this method adapted so 
umirably to the problem of film scanning in colour television. 
/ is clear that the authors have encountered a number of 
teresting and difficult problems, the solution of which has 
quired a considerable measure of ingenuity. 

lam particularly interested in Section 5, in which the authors 
yasider the possibility of obtaining faithful colour analysis by 
aalysing in terms of the C.I.E. co-ordinates for which no 
egative responses are required. They arrive at the conclusion 
yat the XYZ axes are inferior to RGB axes in respect of the 
gnal/noise ratio, and this is attributed to instrumental causes 
sociated with the need for gamma correction after matrixing. 
(1 find it difficult to understand why the choice of analysis 

»-ordinates or the gamma-correction circuits should have an 
“fect on the signal/noise ratio of the reproduced picture. A 
mange of axis involves only a linear transformation, whilst any 
#ect produced by gamma correction is finally removed by the 
yverse gamma of the display tube. 

{i suggest that the decrease in signal/noise ratio which results 
jorn using the XYZ co-ordinates can be explained as follows. 
teefect colour analysis in terms of the RGB primary signals in 
westion requires regions of negative response in the analysis 
Aaracteristics. Since ‘negative’ light has no physical meaning, 
y practical method of achieving perfect colour analysis neces- 
wily involves analysis in terms of positive quantities, with 
tubsequent subtraction of electrical signals in order to obtain 
ae desired responses. Since the subtraction of signals cannot 
2 performed before noise has been added, the result of such 
ubtraction is always a decrease in signal but an increase in 
oise. This follows from the fact that the noise power of 
ucoherent sources always adds irrespective of whether the source 
‘utputs are added or subtracted. It would seem, therefore, that 
ne decrease in signal/noise ratio is the price which must inevit- 
bly be paid for improving on the standard of colour repro- 
action which is obtained when the negative regions of the 
nalysis curves are neglected. In other words, I suggest that 
ais is an example of the general principle by which information 
an. be exchanged for signal/noise ratio. 

I believe that the result would be the same even if we had 
magic’ filters with negative transmission (whatever that may 
aean) in the appropriate regions; the noise power associated 
‘ith these regions would still have to be ‘added’, and so the 
gnal/noise ratio would be worse than if the negative regions 
ad been neglected. 

Dr. A. R. A. Rendall: The authors seem to have entered into 
1e arena of controversy, as the equipment is designed for 525-line 
/orking. 

There seem to be two broad schools of thought—the use of 
iree vidicon cameras or the flying-spot arrangement. The pro- 
igonists of the vidicon cameras claim that better signal/noise 
itio is obtained, whereas the protagonists of the flying-spot 
‘rangement claim that it overcomes some very difficult registra- 
ea problems. It would be interesting to know the impact of 
ie proposals in the United States, because I believe that the 
2e-vidicon-camera system is still favoured there. 

“am particularly impressed by the problem stated in Section 
2. i.e. the need for a precise geometrical shape for the scanning 
ich, irrespective of its position on the scanning tube. The 
“aciples and the method employed require that there shall be 

_ scanning patches for odd and even fields located at different 
ts of the tube. The familiar pincushion effect must there- 
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fore be avoided at all costs and to a very high degree of 
precision. 

It is stated in Section 3 that the shift waveforms must be stable 
to within half a line spacing. I should have thought that the 
whole scanning-mechanism shift-waveform geometrical accuracy 
must be such as to produce the odd and even film-frame scans 
to within this degree of accuracy. 

The solution of the problem of the feedback and screen bright- 
ness given in Section 3 is very elegant, but it seems rather com- 
plex. Will the required accuracy be maintained in service, and, 
if not, will there be flicker? Is there any loss of performance 
in this respect if the scanning tubes are changed during service? 

The paper presents an overall picture of a very exacting prob- 
lem which has been tackled with great skill and infinite attention 
to detail, but I wonder whether all this meticulous accuracy can 
be maintained in regular everyday use. Although it is very 
difficult in such a paper to convey an idea of the overall per- 
formance, I wonder whether it is possible to express in any satis- 
factory terms the overall accuracy of registration in the various 
parts of the picture. It is very difficult to get any mental picture 
of what is happening from the square diagram. For example, 
with regard to signal/noise ratio, it is difficult to appreciate the 
net result until we see the picture itself. 

Mr. L. C. Jesty: In Section 5.1, which deals with accuracy of 
colorimetry, there is still something which eludes me. This may 
be because accuracy of colorimetry is not vital, as is well known 
in the photographic industry. Picture quality is much more 
vulnerable to gamma variation, and in television apparently to 
noise. However, I recall a demonstration of the authors’ film 
scanner last year using XYZ analysing primary signals, in which 
the picture was noise-free when the XYZ signals were routed 
separately. It was only when they were coded into an N.T.S.C.- 
type signal that the noise showed up on a saturated colour. If 
the upper luminance frequencies are to be used in the N.T.S.C. 
system, it appears to be vulnerable to crosstalk noise between 
luminance and chrominance. Whilst the choice of RGB 
analysing primary signals may be a better engineering solution 
in the authors’ case, this may not always be so. 

So long as RGB signals are ultimately required by the receiver 
display, then, for minimum noise from the pick-up device, the 
best choice of analysing primary responses would appear to be 
those requiring minimum dilution by subsequent matrixing. A 
set of real analysing primary responses (i.e. no negative values and 
therefore capable of accurate colour reproduction) which may 
have advantages can be derived from Fig. B of my contribution 
to a previous discussion.* This shows a projection of the C.I.E. 
spectral locus on to a constant-luminosity plane with a triangle 
fitting very closely to the locus. The characteristics of the 
analysing primary responses for this close-fitting triangle can be 
derived from the co-ordinates of the corners and the spectral 
locus in the usual way. Limiting the reproduced brightness 
range to 100: 1 reduces the area of the diagram required very 
considerably, as shown by the shaded area in Fig. B. This 
should enable the analysing primary responses to be brought still 
closer to the reproducing primary responses. 

With regard to the method used in this film scanner for 
immobilizing the film image, I have always felt that the require- 
ment for accurate superimposition of the successive positions 
of the scan on the flying-spot tube, coupled with accurate 
matching of brightness all over the picture area, was a formidable 
task. However, I have seen some very excellent pictures from 
this machine which justify the method. Are there any serious 


* Proceedings I.E.E., 1949, 96, Part Il, p. 467. The footnote in the Reference should 
be SmitH, T.: Report of Joint Discussion on Vision by the Physical Society and 
Optical Society, 3rd June, 1932, p. 218. 
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difficulties with tube replacement, tube life, screen ageing and 
similar factors relating to the continued generation of a good 
signal after the initial setting-up has been completed ? 

Mr. W. P. Vinten: I am interested in the possible unsteadiness 
caused by the relatively wide tolerances which are necessarily 
allowed in spacing of film perforations. This applies particu- 
larly to the 16mm gauge, in which, owing to the high mag- 
nification, errors in registration quickly become objectionable. 
To appreciate how these errors can adversely affect the steadiness 
of the flying-spot machine, it is necessary to understand the 
process of film making. 

The raw stock consists of a length of plastic material per- 
forated normally on one side only. Largely owing to the plastic 
nature of the material, these perforations are almost certainly 
not exactly in their correct position. When this film is exposed 
in a cinematograph camera it is held in register, possibly by 
means of a register pin. The hole used for registration purposes 
will probably be one frame away from the exposing aperture. 
If the camera is in perfect condition it places the exposures on 
the film in exactly the right position relative to the hole used for 
registration purposes. Therefore the exposures have the same 
errors as are present in the perforations. If care is taken to 
ensure that these same holes are used for registration throughout 
the intermediate printing processes and also for final projection, 
all errors cancel and the result is a perfectly steady picture. 


THE AUTHORS’ REPLY TO 


Messrs. H. E. Holman, G. C. Newton, and S. F. Quinn (in 
reply): We agree with Mr. Gouriet’s suggestion that colour 
analysis is another example of the principle by which informa- 
tion can be exchanged for signal/noise ratio, and there is no doubt 
that the transmission of redundant information reduces the 
signal/noise ratio. XYZ co-ordinates are naturally inefficient, 
since the area of natural colours in the chromaticity diagram 
occupies only a small part of the XYZ triangle. The redundant 
information is therefore considerable, and this leads to a worse 
signal/noise ratio than with the RGB system. We confirm Mr. 
Jesty’s view that other possible analysing primaries give correct 
colour analysis and better signal/noise ratios than the XYZ 
primaries, but we consider it doubtful whether the colour 
rendition of commercial film justifies such perfection. 

In reply to Dr. Rendall, the geometrical and shift waveform 
accuracies are maintained to within a quarter of a line, which 
increases towards the extreme corners where an error of one line 
is found. This may be in both the x and y directions. 

The accuracy of patch registration is such that, when using a 
black-and-white test chart and observing on a three-tube moni- 
tor, 500 lines per picture width can be resolved within a circle 
whose diameter is 0-8 of the height of the image. The pre-focus 
accuracy of location depends upon precise tube manufacture, 
and it is possible, within five minutes, for a tube to be replaced 
by a semi-skilled operator and to be providing a picture with the 
same standard of resolution. 


is 


r 


However, the flying-spot machine does not use any specific | 
hole for registration purposes, but is a constant-velocity machine le 
and ensures that the film, when passing the gate, has a perfectly i 
uniform velocity. | 

As the exposures are not accurately spaced, it is probable that | 
unsteadiness will occur. The ideal conditions on a flying-spot 
machine are that exposures should pass the aperture at interval) \ 
of 1/25sec. This cannot be the case with inaccurately spa } 
exposures, however constant the velocity of the film. i 

It would be interesting to know whether it is possible to over- u 
come this problem or if the defect is so small as to be vono } 
able. | 

Mr. T. Jacobs: It is of paramount importance that a flying- |) 
spot scanner produce video-frequency signals with a good } 
signal/noise ratio. The somewhat inefficient use made of the’ 
light from the flying spot is therefore a little surprising. The rec 
channel is generally the most troublesome in this respect, and | 
for this reason, the red-beam splitter is commonly placed first in | 
the light path. Fig. 1 shows it to occupy the second positigil 
in the present scanner. It would appear that the combined 
effect of the light loss brought about by the arrangement adoptei 
for the raster-brightness servo mechanism (Fig. 9) and the placin 
of the red-beam splitter is to lower the signal/noise ratio in the | 
red channel by about 3dB. Alternative techniques might sub- | 
stantially reduce this figure. 


THE ABOVE DISCUSSION 


The problem of stability of screen brightness with feedback | 
depends mainly upon the uniformity of the semi-reflecting mirror | 
surface. In practice, variations of less than 1% have been 
achieved over the effective area. | 

Tube life has been limited by screen ageing due to electra | 
burning, but glasses are available which offer a life of many 
hundred hours. k 

With regard to Mr. Vinten’s observations, it should be men-— 
tioned that there are significant differences in the behaviour of | 
good- and bad-quality 16mm film. Until the position of a | 
taking frame relative to its locating perforation is standardized by | 
film-camera manufacturers, and this relationship is upheld by 
other process- and projection-equipment manufacturers, random 
errors are bound to occur. 

In reply to Mr. Jacobs, this beam-splitter arrangement was — 
chosen to give the simplest spectral characteristics to the dichroic is 
mirrors. The red portion of the spectrum is attenuated by 6% 
in the first dichroic mirror, decreasing the red signal/noise ratio 
by 0:3dB, which is negligible. The screen-brightness feed- 
back increases noise by reducing the light available (approxi- ‘ 
mately 2dB), and also by adding another noise source 
(approximately 3dB), but it does not affect the relative 
signal/noise ratios of the three colour components. This 
increase of 5dB, however, represents the difference between a 


very satisfactory noise level and one just satisfactory on 16m 
film. 
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SUMMARY 


The paper reviews the main computational problems arising in the 
jign of a nuclear power reactor. The numerical-mathematical 
hods available are described briefly in two broad classes, namely 
« discrete-particle (Monte Carlo) treatment of the neutron-transport 
blems and the analytical methods based on the transport equation. 
e use of digital computers in the different methods is discussed in 
eral terms and three examples are considered in more detail: the 
sculation of the thermal utilization factor for a lattice by the spherical 
rmonics method, the direct numerical solution of the 2-group 
fusion equations for a cylindrical reactor and the calculation by 
nte Carlo methods of the resonance escape probability for a 
phite-uranium lattice. Finally there is a discussion of the standard 
(performance of computers likely to be required by nuclear engineers. 


LIST OF PRINCIPAL SYMBOLS 


¢@ = Neutron flux (suffixes f and s for fast and thermal 
fluxes, respectively), neutrons/cm?/sec. 
7 = Number of secondary neutrons produced per 
capture. 
€ = Fast fission factor. 
p = Resonance escape probability. 
f = Thermal utilization factor. 
a = Inverse of mean free path for a neutron, cm—!. 
B = Number of secondaries per unit path, cm7!. 
Zam = Macroscopic absorption cross-sections of fuel and 
moderator, respectively, cm?. 
L, = Slowing-down length for fast neutrons, cm. 
L = Diffusion length for thermal neutrons, cm. 
Dy, D; = Flux diffusion coefficients for fast and thermal 
neutrons respectively, cm. 
r, z, 9 = Radial, axial and angular co-ordinates; 4 = cos 0. 
n,j,k (used as suffixes) = Integers. 
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(1) THE SCOPE FOR COMPUTER APPLICATIONS 


‘The computational effort involved in the design of a nuclear 
ywer reactor is much greater than in any other engineering 
yterprise, principally for the following reasons: 


(a) The capital costs of a reactor and its fuel charge are so great 
that the design must be most carefully optimized and therefore 
examined in great detail. ; 

(b) The possible consequences of a design error are so serious that 
the performance must be predicted as accurately as possible. 

(c) The nuclear events occurring in the reactor are complex and 
the equations representing them cannot be handled in any simple 
way; also the basic data (mostly nuclear cross-sections) have com- 
plicated dependences on energy, not representable by any simple 
mathematical forms. : : 

(d) Much of the information needed in a design study is obtained 
&y analysis of ‘integral’ (e.g. exponential) experiments; this analysis 
ic a considerable computational problem and needs to be done 
gaickly to be of value. : 

(e) Large-scale experiments, such as zero-energy assemblies, are 
S-cious undertakings which can be made only after most of the 
© »sign questions have been settled by calculation. 


Dr. Howlett is at the U.K.A.E.A. Atomic Energy Research Establishment. 
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To see how and where in a design study the computing 
problems arise, let us consider the main steps in the process, 
assuming that the reactor is intended to drive an electrical 
power station. 

First, a decision must be taken, based on very broad economic 
and scientific arguments, on the electrical output required and 
the type of reactor to be built. Thus, if 100 MW of electrical 
energy is the aim, the reactor will have to deliver about 400 MW 
of heat; if it is to be a natural or slightly enriched uranium 
thermal reactor (as is most likely for several years to come) the 
fuel rating will be about 4MW per ton and the charge will 
therefore be about 100 tons. The moderating ratio will have to 
lie in the range from about 1:1 to 5:1, so the total weight 
of moderator will lie between about 100 and 500 tons; the shape 
is not likely to differ greatly from a right cylinder, so the dimen- 
sions can be quickly settled within reasonable limits. 

General engineering and metallurgical considerations will 
determine a range for the working temperature, and the known 
problems of pumping—the power required and possible corrosion 
effects—will settle general questions on the circulation of the 
coolant, which may be the moderator also, and will thus provide 
some criteria for the design of the heat exchanger. 

The main programme of nuclear calculations can now start. 
The aim will be to find the dependence of the critical mass of the 
core on the moderating ratio, enrichment of fuel, temperature 
and dimensions, all these quantities being allowed to vary over 
the ranges suggested by the preceding general arguments. The 
calculations will give in each case the flux distribution and hence 
the fission rate (which determines the power level) and the 
conversion factor for the build-up of fuels such as plutonium 239 
or uranium 233 if this is a relevant consideration. These 
criticality calculations will use such integral nuclear properties 
of the core design as thermal utilization factor, resonance escape 
probability and slowing-down and diffusion lengths, which must 
themselves be calculated from design details and basic nuclear 
data. 

Heat-transfer calculations will show how the supply of energy 
to the electrical station varies with the reactor coolant circulation 
rate and outlet temperature (and pressure if it is a gas); these will 
probably have to be done for several sets of design details of the 
heat exchanger. Much of this depends upon empirical laws. 

If these calculations have been made in sufficient detail, there 
will be enough information to settle within closer limits the 
essential details of the design on economic grounds, balancing 
the value of the electrical output and any fuel breeding against 
the cost of the reactor, fuel charge, heat exchanger and generating 
equipment. 

With the narrowed ranges for the design parameters, further 
calculations will be needed, to give 

(a) The kinetics of the reactor, ic. the response to movements of 
the control elements, particularly when starting up or shutting 
down; the possibility of dangerous surges in power or temperature 
must be investigated. 

(b) Long-term changes in reactivity due to the accumulation of 
fission-product poisons, to fuel breeding and to burn-up of the fuel 


charge; the results here will enable a fuel-cycling schedule to be 
worked out. 
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(c) The shielding requirements; there are worth-while economies 
to be achieved by avoiding excessive amounts of shielding beyond 
what is needed for safety. 

The results of this last group of calculations will probably lead 
to a re-examination of the earlier optimization, and possibly to 
a need for more criticality calculations; after a few repetitions of 
the whole process it should be possible to settle definite values 
for the design parameters. 

Almost all the separate calculations here are complicated and 
of large scale; it is not possible to work through such a programme 
in a reasonable time, and in the detail required, without powerful 
computing machinery. It would be possible to build a special 
machine to perform any one of the calculations, as has, in fact, 
been done,!-3 but because the various types are so different 
mathematically, any organization which has to carry out com- 
plete studies will need to have—or at least to have access to— 
a fast general-purpose digital computer. The field is an ideal 
one for the application of these machines: the amount of com- 
putation to be done is very large, so the benefits of high speed are 
great; there is a wide variety of problems, so that the machine’s 
flexibility is exploited; much of the work has to be done to high 
numerical precision, so good use is made of the ability to carry 
many figures in the calculation; and all the calculations have 
to be repeated many times with different values for the para- 
meters, so a good return is obtained for the effort put into the 
development of the machine programmes. In this connection 
there is one very important advantage of machine computation: 
if a large survey has to be made with real urgency, and if it is 
important enough to command exclusive use of the machine, 
then it can be carried through simply by continuous running, all 
the staff available taking turns to operate the machine. 

Without a machine a design team must prune its demands very 
drastically, both by making do with a much less detailed survey 
than it would like to have and by using methods known to be 
of lower accuracy than others which, though preferable, would 
use more computing time, such as using diffusion-theory approxi- 
mations when these are not justified or treating as spherically 
symmetrical a system for which a finite cylinder is a much better 
representation. This question of approximations certainly arises 
in computer applications, but less sharply and at a less elementary 
level. Of course, reactors have been designed successfully with- 
out the aid of fast computers, but these were essentially non- 
commercial plants where economic questions hardly arose; for 
full-scale industrial use reactors must be designed with close 
regard to these questions, and they cannot be settled without 
extensive and detailed calculations. 


(2) MATHEMATICAL AND COMPUTATIONAL METHODS 
AVAILABLE 

Of the essential computational problems of reactor design just 
listed the largest and most characteristic are those concerning the 
nuclear properties, which involve a study of the neutron popula- 
tion. This is necessarily a difficult mathematical problem; a 
neutron is described by seven co-ordinates: three for space, two 
for angle (for the direction of motion), speed (or energy) and 
time; the important events in its life are collisions with nuclei, 
the results of which are described by complicated laws deduced 
from fundamental nuclear-physics experiments. The methods 
available for attacking these problems of neutron transport can 
be grouped as follows: 


(a) Exact formulation in terms of the laws which describe the 
movements of individual neutrons; these state the probabilities 
of various events, such as collision, absorption, fission. The 
method is statistical and, because of its use of random numbers 
in the calculation, is usually known as the Monte Carlo method. 

(b) Idealized formulation, regarding the neutron population 


as continuous and setting up a conservation equation as in) 
hydrodynamics; this is an integro-differential equation, known 
as the Boltzmann transport equation. In certain circumstances, |” 
e.g. in systems large compared with the neutron mean free path|) 
(and therefore in much of the work on thermal reactors), it can| 
be reduced to the partial differential equations of the diffusion-: 
theory approximation. From either of these equations one can 
proceed in either of two ways: 

(i) Attempts at formal analytical solution, e.g. by expansion in|) 
series or by integral (e.g. Laplace) transforms. An example is the)’ 
spherical harmonics method‘ for solving the transport equation; a|_ 
standard process for solving the diffusion equations in a cylindrical 
system is to expand in series of Bessel functions. : 

(ii) Direct numerical solution, without recourse to. analysis; all 
differential coefficients are replaced by differences and all integrals’ 
by sums, so that the problem is reduced to that of solving a Pe 
of algebraic equations. Section 3.2 shows how this is applied to 
the diffusion equations; Carlson4,5 has developed a corresponding 
method for solution of the transport equation. 

Examples of uses of digital machines in these contexts are 
given later; it seems suitable here to give some general considera- 
tion to the different methods. 

The application of a fast automatic computer to a mathematical 
problem can be approached in two ways. One can either attempt 
a solution by formal mathematical analysis, carrying this as far 
as possible and bringing the machine to evaluate the expressions © 
obtained, much as one would use hand-computing methods; or” 
one can develop a method which is numerical from the start | 
and which is designed with the machine’s properties in mind. | 
This is paralleled above in the division into methods (i) on the 
one hand and (a) and (ii) on the other. The analytical method | 
has the advantage that the work is kept general until a late stage 
and numbers are inserted only when analysis can go no further; | 
the final computations usually go through quickly (see om 


tion 3.1) even though they may seem very heavy for hand com- 
putation; thus a large parameter survey can be made in a 
reasonable time. The disadvantages in reactor work are all 
consequences of the complications of the mathematics. First, 
only simple geometries can be dealt with; 1-dimensional systems 
are reasonably tractable (e.g. spheres or infinite cylinders), 
2-dimensional systems are much more difficult (e.g. finite cylinders - 
with symmetry about the axis) and 3-dimensional systems are 
quite unmanageable. Secondly, only simple energy-dependence 
can be allowed; most of the analytical treatments have been 
made with at most two energy groups, and some work has been 
done with simple functional energy dependence, leading to 
heavy algebra,® but no treatment of detailed energy dependence 
seems possible. Finally, almost all such methods are approxi- 
mate in the sense that they depend upon expansions into series 
with a limited, usually very small, number of terms retained; 
any attempt to improve on this is likely to be defeated by the 
weight of the algebra. Thus, in the spherical harmonics 
method the standard practice is to go as far as the P; term; the 
next approximation, taking P;, requires much more labour. and 
it is doubtful whether anyone has ever gone further. All this is 
not to be taken to imply that these analytical methods are of no 
value; on the contrary, they provide an exceedingly valuable 
way of surveying a wide field quite quickly as a first approxima- 
tion, and so narrowing the ranges over which more accurate 
methods have to be used. But the advent of fast automatic 
machines has reduced the incentive to press this treatment 
further, and it is unlikely that there will be any important new 
developments; thus Davison’s book’ can probably be taken as 
the final summing-up of the analytical theory of neutron transport. 

The purely numerical methods [(a) and (ii) above] are much 
more in the spirit of automatic computers and could not be used 
effectively until such machines had been developed; both are 
likely to involve large—probably very large—numbers of 


tithmetical operations, but most of these will be arranged in 
uirly simple patterns repeated many times, which is the ideal 
‘tuation for computer programming. 

| With method (ii), since analytical difficulties are avoided, more 
omplicated situations can be considered, such as genuinely 2- 
mensional systems and detailed variations of nuclear properties 
ith energy; but the time required to achieve a solution will in- 
-ease with the complication of the problem, so there are practical 
its to the applications. For example, 3-dimensional problems 
fan, in principle, be solved by these methods, but are, in fact, 
{ill unmanageable, simply because even the fastest of present- 
say machines is too slow. In place of the analytical difficulties, 
me is now faced with questions of convergence and stability of 
\erative processes and of the effects of truncation errors (i.e. of 
© approximations introduced when differential coefficients or 
ategrals are replaced by finite differences or sums); these are 
mportant and difficult questions—more exacting, in fact, than 
ae technical complications of heavy algebra—and give plenty of 
cope for mathematical study.8-!! The effects of truncation 
mrors can usually be investigated empirically by making 
mploratory calculations (on the machine, of course) with 
ifferent intervals in the differencing process, or different forms 
¥ approximation; slowness of convergence and instability (i.e. 
che computed solution running away from the true solution, 
aving to build-up of rounding errors) are usually made obvious 
wy the progress of the calculation but may be very difficult to 
vvercome. An unstable computing process is, of course, useless; 
in improvement in the rate of convergence may, by greatly 
seducing the time taken to find an acceptable solution, make all 
the difference between an academic mathematical process and a 
practical computational method; Section 3.2 illustrates this. 
The effect of truncation errors is seen very clearly in one important 
jeactor calculation; an attempt to integrate the equations for the 
feactor kinetics!* by a step-by-step method using the standard 
Runge-Kutta process!? may prove impractical because of the 
eed to use extremely small steps, and therefore very long 
machine runs, even though the neutron densities are changing 
very slowly with time; this is due to the fact that the method is 
squivalent to taking at each step a fixed number (4 is usual) of 
rerms of an expansion for the solution in powers of the interval, 
nd the numerical values may be such that this is a poor approxi- 
mation unless the interval is very small. The only remedy is to 
os a method having a different mathematical basis, such as one 
iof the Fox-Goodwin processes (see Reference 14, which also 
“efers to this particular difficulty). 

_ The Monte Carlo method is the most general possible and can, 
/n principle, be used to solve any reactor problem, however 
complex. The essential features are the tracing, by calculations 
sasing random numbers, of the life histories of samples from the 
neutron population and the inferring from these of the properties 
of the population as a whole. Because it abandons analysis 
completely, even in the formulation of the problem, this method 
provides the best hope for dealing with complicated geometry or 
energy dependence. It also provides the only means of accurate 
formulation of some problems; for example, the conditions at 
the surface of a hole inside a reactor can be expressed only 
approximately in diffusion theory, and in terms of transport 
theory are complicated and very difficult to use, but the Monte 
€ arlo method uses directly the simple physical fact that a neutron 
emerging into a hole will travel straight across at constant speed. 
The drawback to the method is that, being statistical, it gives 
results in the form, ‘the probability is P that the parameter k 
lies between a and b’, and for good accuracy, i.e. the location of 
‘he number required between narrow limits with high probability, 
4 very large amount of computation may be required. However, 
c nsiderable gains can be made by proper design of the calcula- 
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tion (which can be regarded as a theoretical experiment), and 
recent developments in statistical techniques can give large 
improvements in the efficiency.!>-!7 


(3) EXAMPLES OF MACHINE APPLICATIONS 


During the last few years much effort has been put into 
programming reactor calculations, particularly in the United 
States, where large and fast machines have been much more 
readily available than in Britain. The mere cataloguing of the 
published information on these programmes is already a for- 
midable undertaking; summaries have been issued by Radkowsky 
and Brodsky!® and by the U.S.A.E.C. Computing Facility at 
New York University,!? and several comments and references 
are given by Sangren?°. 

It is, of course, possible to write a machine programme to 
perform any calculation, and with modern machines one can 
usually expect to get an increase in speed over hand computation 
of at least 1 000; whether in any particular case this is a reasonable 
or economic thing to do is an entirely different question. All the 
standard reactor calculations have been programmed, most of 
them for all makes of commercially produced machine both here 
and in America. Many of the American computing laboratories 
have produced very general large-scale programmes, e.g. the 
‘Eyewash’ programme?! for solving the multi-group, multi- 
region 1-dimensional diffusion equations with Univac, and the 
‘Cure’ programme for the multi-group multi-region 2-dimensional 
diffusion equations with the IBM 704. In England much work 
has been done with the Deuce at the National Physical Laboratory 
on the integration of the reactor-kinetic equations. The examples 
which follow are for important general calculations of which the 
author has had direct experience; they are given in rather general 
terms, for it seems inappropriate either to quote large amounts 
of algebra or to reproduce programme details. It is hoped that, 
while indicating the powers of the machine, they also show the 
importance of a sound knowledge of numerical mathematical 
technique to anyone who must do a significant amount of 
machine programming. 


(3.1) The Spherical Harmonics Method 


This is an analytical process for solving the transport equation 
whose practical application is limited to 1-dimensional systems 
with one energy group. One of its most frequent applications is 
to the calculation of the thermal utilization factor of the lattice 
of a heterogeneous thermal reactor; diffusion theory is not a 
good approximation here, because, although the reactor as a 
whole is large compared with the neutron mean free path, the 
dimensions of interest are the diameters of the rods and cooling 
channels, which are comparable with the mean free path. 

In a spherically-symmetrical system with one energy group the 
transport equation can be written 


2 1 
ato Sk , , 5 
pop te og tem = a8] Oe wqw . 


where O(r, jx) is the flux at radius r for neutrons whose direction 
of motion is specified by 6 = arccosj. The essence of the 
method is to assume a solution 


OG, 1) =EYOn+ DPPH - - . @ 


where P,,(jx) is the nth Legendre polynomial (spherical harmonic) 
and ¢,, are functions of r to be determined. Substitution in the 
equation and elimination of leads to a set of ordinary differential 
equations for ¢,, which can be solved formally in terms of Bessel 
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functions. The constants entering into these solutions are found 
by fitting the general solution to the given boundary conditions, 
which express, for example, the fact that at the outer boundary 
no neutrons enter the system; this part of the calculation requires 
the setting-up and solving of a set of linear equations, formally 
of infinite order but made finite in practice by taking only a 
finite number of terms in the series (2). Thus, an approximation 
to the solution is found in terms of known functions; integration 
over all values of p gives the scalar flux from which the thermal 
utilization factor, f, can be found by integration, i.e. 


ip = | Lar dV | | (CUDA Senay? UL ease) 


where 2i,¢ and X,,, are the absorption cross-sections for the 
fuel and moderator respectively and the integrals are taken over 
the volume of a lattice cell; these integrals can be evaluated 
analytically and an explicit expression for f can be found. 

The analysis has been generalized by Tait?? for cylindrical 
geometry, the algebra being a good deal more complicated than 
that for spherical symmetry. This paper gives the complete 
algebraic treatment for the P; approximation (i.e. taking only 
the terms P, and P; in the expansion), which uses Bessel functions 
up to J; and K3, and requires the solution of a set of nine linear 
simultaneous equations. This has been programmed for a com- 
mercial machine by Preston,?? the calculation taking 4min for 
the f-value and—if these are required—a further 4min for the 
fluxes at 10 radial values; hand calculation takes a full week. 
The programme is elaborate, with about 3000 machine instruc- 
tions; it is fully automatic, computing all the Bessel and other 
functions required and setting up and solving the linear equations, 
and is written in floating-point arithmetic to give flexibility in the 
sizes of the physical data which may be inserted. The pro- 
gramme shows very clearly the power of the machine (not even 
a particularly fast one in this case) in dealing with a complicated 
algebraic process. 


(3.2) Critical Size of a Cylindrical Reactor: Direct Numerical 
Solution of the 2-Group Diffusion Equations 


The problem here is to find the criticality conditions for a 
reacting system in the form of a finite cylinder symmetrical about 
its axis; the simplest case is that of a cylindrical homogeneous 
core surrounded by a homogeneous cylindrical reflector, all 
dimensions being given and the critical value of the reactivity 
being required. It is assumed that system is large and has no 
internal cavities, so that diffusion theory can be used. 

If two energy groups of neutrons are considered (fast and 
thermal) with fluxes by, ds respectively, the equations are 


Dy(V? — 1/L2)by + nefD,¢./L? = 0 
DV? — 1]L?)¢, + pDyglL2 = 0 


where Dy and D are the two diffusion coefficients, and L, and L 
are the slowing-down and diffusion lengths. The operator We 
is here 


(4) 


d7/dr? + 1/rdfdr + d2/dz2 


The usual boundary conditions are that the fluxes vanish over 
the outer boundary and the fluxes and neutron currents are con- 
tinuous at any internal boundary between two different media. 
The mathematical problem is an eigenvalue one, i.e. to find the 
value of the product nef in the core for which the equations have 
a solution which is not everywhere zero. 

The basis of the direct method of solution is the replacement of 
the differential coefficients by finite differences. If a flux d 
depends on a single variable r, and if we take a set of equally- 
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Thus the differential equation 


both correct to order h?. 
d*ldr? + ap =0 (6) 
can be replaced approximately by the set of algebraic equations | i 
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If the equation is to be solved with the boundary conditions 
¢=0 at r=0, and 6=1 at r=L, so that r, = Lame 
h = L[n, there is one equation of the type (7) corresponding to © 
each of the m — 1 internal points; together with the known | 
values of dp and ¢,,, these suffice to determine the nm — 1 unknown 
values of ¢ and the solution gives an approximation to the © 
solution of the original differential equation. Clearly the © 
accuracy of the approximation will increase as the number of | 
points is increased, but so will the amount of work involved in — 
finding the solution; also there are mathematical objections tan 
taking excessively small intervals. 

In the 2-dimensional problem we divide the region by mestiil 
lines parallel to the axes and consider the fluxes at intersections ¥ 
of these lines. At the mesh-point rj, = ( jor, kd5z) the approxi- 
mation to the term Y7¢ is now 5 


1 Pai 
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Using this we can replace each partial differential equation by © 
an approximation consisting of a set of linear algebraic equa- 
tions, one for each mesh-point, each involving the fluxes at that 
point and a few of those surrounding it. The mathematical 
problem of solving these is simple in principle but is difficult 
in practice, because of the size of the task; one must take about 
1000 points to give a reasonable representation of an actual 
reactor, and the problem of solving a set of 1 000 linear equations, 
even of the special form of those in question, is a serious one. 

Hassitt has written a programme?‘ for a commercial machine — 
which will solve this problem for a symmetrical finite cylindrical 
reactor, allowing almost any variation of properties from point | 
to point; in particular, any system of cylindrical shells, with | 
top and bottom reflectors, can be dealt with. The programme 
solves the criticality problem; thus, for the simple case of a 
uniform core surrounded by a uniform reflector, all of given — 
dimensions, it will produce the value of nef giving a critical 
system, and the corresponding flux distributions. The process — 
of solution is iterative, the programme calculating a sequence of — 
approximate fluxes which converges to the solution of the 
algebraic equations (which, of course, is itself an approximation 
to the actual problem) and printing out after each iteration the 
value of the current approximation to the criticality parameter. 
The user of the programme can see how these values are con- 
verging and must decide when convergence has gone far enough, 
when he can stop the iteration and print out the tables of fluxes. 
Apart from this the programme is completely automatic. 

This is a large-scale calculation, because with the large number 
of mesh points usually required the iteration converges slowly 
and eight or more complete cycles may be needed to give the 


alue of the parameter correct to four significant figures; as with 
] eigenvalue problems the convergence of the fluxes is slower. 
/ is not at all unusual for a calculation to take two hours on 
xe commercial machine, which means that a parameter survey 
likely to be a serious undertaking, really too large a task for 
‘machine of this speed. Since it is also a quite fundamental 
alculation in thermal reactor design and one which must be 
arried out many times in any design study, it shows very well 
ue need for large and fast machines. High arithmetical speeds 
ve needed because, even in a simple problem of this type, 
sveral million operations must be performed; but because the 
alculation uses a large field of numbers, a machine with a small 
ist store will use much time transferring numbers between this 
ad the low-speed backing store, and therefore a large fast store 
\ essential if the complete calculation is to be done quickly. 
the commercial machine referred to above has a fast store for 
84 numbers, which is small on this scale; a development of it, 
ith arithmetical speeds about 10 times those of the first and a 
ust store of 1024 numbers, would probably give an increase in 
yerall speed of about 5-10, while a third machine, which has 
rithmetical speeds similar to those of the second but can be had 
ith very large fast stores (up to 32000 numbers) probably gives 
4 improvement of 10-20. 

| This example illustrates very well the simplicity of the direct 
vimerical approach and the scale of the computing problem to 
hich it leads; hand calculation is here out of the question. 
ny attempt at analytical treatment of this problem, unless it 
akes drastic simplifications, leads to excessively heavy algebra; 
tthermore, the direct method is easily extended to deal with 
nore than two energy groups—at a cost of longer calculations, 
{ course—while the labour involved in doing this analytically 
‘ould be prohibitive. One important point of detail here is 
at the iterative process used in solving the finite-difference 
uations must be designed with great care; the general idea of 
plving partial differential equations in this way has been known 
or a long time, but it was also known that a straightforward 
erative method converged too slowly to be of use, even with a 
st machine. It was not until the essential mathematics of the 
wocess had been studied in detail, notably by Frankel*> and 
voung”®, that a means of accelerating the convergence was found 
rhich led to the possibility of practical application on a large 
wale. 


5.3) Monte Carlo Calculation of the Resonance Escape Probability 
for a Lattice 


| The resonance escape probability, p, for a reacting system is 
ine of its most important properties from the aspect of the 
eutron economy, for it enters into the ‘4-factor’ formula for the 
infinite) multiplication factor 


k = ep, 


} is a fundamental nuclear property, found by experiment, whilst 
, p and f are derived quantities depending on the geometry of 
he system as well as on the nuclear properties of the materials. 
\ method for calculating f has been described in Section 3.1; 
alculation of p is much more difficult, because its value will 
ienend upon the whole energy spectrum of the neutron popula- 
ien from fission to thermal and upon the variation of the 
‘sorption and scattering cross-sections over this range. The 
aiue will vary with the temperature of the reactor, because of 
he broadening of the resonances in the absorption cross-section 
vith increasing temperature; this effect must be taken into 
© ount in a design study, and is particularly difficult to measure 
xoerimentally. Calculation by an analytical method seems to 
% out of the question, since this would require the solution of 
bh full transport equation in three dimensions and with the 
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actual variation of cross-sections with energy; thus the only 
possibility is a Monte Carlo approach. Much work on these 
lines has been done by Richtmeyer;?’ the only similar English 
work known to the author is that done by K. W. Morton of 
Harwell. 

Morton studied the slowing-down of neutrons in a lattice of 
cylindrical uranium rods, each surrounded by an empty channel, 
in a graphite moderator; as a first step he took the range from 
50 eV to thermal, which includes three of the strongest resonances. 
The essence of the calculation is that a neutron is started from 
some point in the system with energy near the top of the range and 
is allowed to migrate, undergoing collisions with fuel and 
moderator nuclei until it is either absorbed or reduced to thermal 
energy, the starting conditions, the positions of the successive 
collisions and the results of these being decided by choices of 
random numbers. The tracking is repeated with more neutrons 
until enough have been taken to give an estimate of the escape 
probability of the required accuracy. Thus if N neutrons are 
started and n survive to thermal energy, an estimate of p is 
n[N; but this has a standard deviation, which measures the 
uncertainty of the estimate, of »/[p(1 — p)/N]. What is wanted 
is an estimate reliable to a few parts in 1000, so the number, N, 
of neutrons to be taken is found from 


Soe = >| ym, 
1000 


where mm is a small integer. In fact, p is usually about 0:9, so 
N must be about 10000. 

In his preliminary calculations Morton took samples of 4000 
neutrons for each of four temperatures, and by use of various 
refinements in the statistical analysis obtained accuracy of 2% in 
the values of 1 — p; the running time on the computer was 
25min for each case. Each calculation used about 25000 
random numbers, which were computed by the programme 
itself; the effect on the cross-sections of the thermal motion of 
the scattering nuclei was also computed by the programme, using 
the ‘y-function’, 


dy 


1 2 
at = a (eV) 21a eee 
HOO = 7a he ai i 


where x is related to energy and ¢ to temperature; it is an interest- 
ing comment on the speed of the computer used that, although 
extensive tables of this function have been published and could 
have been supplied as input, it was found preferable to pro- 
gramme an independent calculation and compute the function 
afresh at the beginning of each case. 


(4) MACHINE DEVELOPMENTS IN THE. FUTURE 


The examples just given, which are typical of the analytical, 
direct numerical and Monte Carlo approaches to reactor calcula- 
tions, indicate the extent to which machines of various standards 
of performance meet the demands made on them. The Mark I* 
computer, with a speed of about 500 arithmetical operations 
per second, is quite adequate for even a complicated algebraic 
process but is about at its limit in the solution of the 2-dimen- 
sional criticality problem: machine runs of two hours and more 
per solution are uncomfortably long, especially when a failure 
near the end may vitiate all the preceding work; also such long 
times make it difficult to run through a parameter survey (say of 
10-20 solutions) in any reasonable time unless the work is given 
high priority. The Mercury and the 704 computers, with speeds 
about 10-20 times that of the Mark I*, are adequate for this 
problem, the latter gaining an extra advantage from its larger 
fast store. Similar remarks apply to the Monte Carlo calculation. 
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However, it is certain that as reactor design standards advance, 
engineers will want more elaborate and extensive calculations 
which will be beyond the scope of even the best of present-day 
machines. The criticality calculation for a genuinely 3-dimen- 
sional system is an example. In the 2-dimensional programme 
described the number of flux values stored is between 10° and 
2 x 103 and the number of arithmetical operations performed 
is about 10®. The 3-dimensional calculation would require more 
flux values, more operations at each mesh point in the course of 
each iteration and more iterations, because the convergence 
would be slower; making reasonable estimates for these effects, 
one is led to the conclusions that the number of fluxes to be 
stored is of the order of 10° and the number of operations at 
least 108, even if one uses only a 2-group approximation. Since 
such calculations would be wanted in batches, either for para- 
meter surveys or in theoretical studies of the life history of a 
proposed reactor, a running time of about 15min (say 10% sec) 
would be desirable; thus the machine speed would have to be 
at least 10° operations per second, i.e. at most 10microsec per 
operation. Furthermore, to avoid serious loss of overall com- 
puting speed in transfers between the fast and backing stores, it 
would be necessary to have a fast store able to hold most of the 
number field, i.e. for about 10° numbers. It is open to question 
whether one would, in fact, use simple diffusion theory for a 
calculation on this scale; it is not unlikely that a Monte Carlo 
method would be used, to permit a more realistic representation 
of the reactor structure. But what is certain is that the standards 
set by the needs of the diffusion-theory calculation will not be 
higher than those for more accurate methods, so we may take 
these as the minimum to be aimed at. 

It is known that there are several projects under way in America 
for building machines of at least this standard. The two about 
which most information is available are the Larc and the Stretch, 
both sponsored by the United States Atomic Energy Commission. 
The first will run at about 10° operations per second with fast 
storage for some multiple of 10* numbers—figures of 50-60000 
have been quoted—and is due for completion in 1958. The 
corresponding figures for the other are 10° operations per second 
and 10° numbers at least, this machine being due for completion 
in 1960. The name Stretch was given to bring out the fact that 
this speed is approaching the limit which can be reached with 
known or foreseeable components; for instance, a time of 
1 microsec for a complete multiplication requires that the circuit 
elements (transistors) shall operate at 100-200 Mc/s, and at this 
frequency the time taken for the pulses to travel round the com- 
puter is beginning to limit its physical size. It is thus possible 
that this order of performance may represent the end-point of 
computer development, apart from such arrangements as parallel 
operation of arithmetic units or even complete machines to 
give increased effective speed; if this proves to be so, the develop- 
ment will have been taken from start to finish in the short time 
of about 25 years, and undoubtedly the needs of the nuclear- 
energy world will have provided an important part of the 
stimulus. 
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SUMMARY 


'The paper examines the transient behaviour of the Calder Hall type 
( reactor in terms of the design and operating parameters, the main 
mansients examined being those arising from 

(a) Step changes in reactivity. 

(6) Steady changes in reactivity including the start-up condition. 
‘{c) Step changes in cooling. 

(d) Steady and other changes in cooling due to both circulator-speed 
iid gas-pressure changes. 

“The examination has been carried out by means of an analogue 
mmputer and by a graphical method which employs an approximate 
Jiation of the neutron-kinetic equations. The results obtained by 
© ‘wo methods are compared and agreement is shown to be good. 
"The graphical method has been extended to take account of tem- 
*rature gradients within the fuel elements and fission-product heating. 
count is also taken in the computations of the heat generated in 
© graphite. 

“The effects of non-uniformity in the axial and radial temperature 
‘stiibution on the temperature transient throughout the reactor are 
tamined and assessed. 

{ft is concluded that the graphical method is useful for studying the 
unsient characteristics of a reactor, but, owing to the importance and 
emplexity of the subject, experimental confirmation of the predicted 
sults is desirable. 


LIST OF PRINCIPAL SYMBOLS 


butron Kinetics. 
kg = Effective reproduction constant. 
Ke keg 1. 
exa = Walue of k,, applied at beginning of a transient. 
1 = Life-time of the prompt neutrons, sec. 
n = Neutron concentration at a given point within the 
reactor. 
r; = Density of species i at the same point as n. 
f—\ Lime, Sec: 
8 = Fraction of fissions which result in production of 
delayed neutrons. 
A; = Relaxation time for latent nuclei of species i, seo 
4; = Fraction of the fissions producing delayed neutrons 
which result in nuclei of species i. 
w, = Reciprocal of the reactor steady-state period for 
the condition k,, = constant, sec}. 
w, = Addition necessary to w, to obtain the reciprocal of 
the reactor period under conditions when k,, 
= constant, sec—!. 


1 modynamic and Design Parameters. 
C = Specific heat, kW-sec/deg C-lb. 
4, Co, C; = Thermal capacities of components, kW-sec/ft-deg C. 


VP pwc, TOD Pent), 
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h, = Heat-transfer coefficient, fuel to gas based on the 
temperature drop (T7,; — T,), kW/deg C-ft?. 

hy = Heat-transfer coefficient gas to graphite, 
kW/deg C-ft?. 

K = Channel thermal characteristic, deg C/kW. 

L = Length of channel, ft. 

L, = Extrapolated length of channel, ft. 

P = Total power developed in a channel, kW. 

P’ = Rate of heat production per unit length, kW. 

P, = Effective periphery for heat transfer of can, ft. 

P> = Effective periphery for heat transfer at graphite 
wall, ft. 

r = Radial distance of a channel from core centre, ft. 

R,, Ry = Resistances to heat flow, deg C-ft/kW. 

S = Effective cross-sectioned area (Fig. 1), ft?. 

T = Temperature above the coolant inlet temperature 
at a point z along the channel (measured 
from the centre of the channel), deg C. 

T = Temperature above the coolant inlet temperature, 
up to the point in the channel considered, 
defined by eqn. (3), degC. 

T, = Temperature defined by eqn. (16). 

u = Coolant velocity, ft/sec. 

W = Mass flow rate of coolant gas in channel, |b/sec. 

p = Density, lb/ft?. 

7 = Channel fuel-element time-constant, sec. 

ys = Ratio of coolant temperature at point z to mean 
value of coolant temperature up to the point. 


Suffixes. 


The suffixes uv, c and g indicate quantities applying to the fuel 
rod, the coolant and the graphite moderator, respectively. 

The suffix 0 indicates initial conditions. 

The suffix s indicates value at the surface. 


(1) INTRODUCTION 


The gas-cooled reactor will be used for the first stage of the 
British nuclear-power programme in generating stations of which 
Calder Hall is the prototype. In the design and performance of 
these plants, the temperature of the fuel-element sheath is a 
critical factor. For reasons of thermodynamic performance, 
this should be as high as possible in normal running; but in 
setting the limit, both normal operation and temporary periods 
of fault require consideration. With present designs and usages 
of material, the general consequences of exceeding the limit would 
be mechanical failure of the fuel-element sheath accompanied by 
release of fission products to the coolant gas, followed by the 
relatively slow oxidation of the uranium. The fission products 
would be contained within the gas-tight pressure envelope, but 
the internal contamination of the reactor might be severe. Such 
a possibility requires critical examination, taking account, so far 
as possible, of the inherent characteristics of the reactor, as 
opposed to the superimposed devices for control and tripping. 

The paper briefly describes a number of transient conditions 
which are likely to be important in gas-cooled reactors, and 
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suggests methods of calculating the consequent variation of 
reactor temperatures. The situation may be complicated by 
associated events peculiar to a given reactor design, such as fire, 
release of stored crystal energy or deterioration of heat-transfer 
surfaces. These possibilities require to be taken into account 
in the interpretation of the results yielded by the simple theory 
discussed. 


(2) CONDITIONS CAPABLE OF CAUSING TEMPERATURE 
TRANSIENTS 
In equilibrium, the rates of heat production and heat removal 
are balanced. A change from equilibrium due to either an 
increase of heating power or a reduction in cooling power 
produces a condition that is potentially dangerous. 


(2.1) Increased Heating Power 


The power produced by a nuclear reactor depends upon the 
reactivity as a function of time. One method of initiating a 
change of reactivity is by moving the control rods, but in the 
present context additional possibilities should be considered, e.g. 
structural failure or the inadvertent withdrawal of some absorber 
other than a control rod, leading to a reactivity release. The 
resulting changes in temperature and power modify the reactivity, 
owing to temperature coefficients and xenon poisoning respec- 
tively, and so a train of events ensues. Changes of reactivity 
due to temperature are examined in the following Sections, but 
changes of xenon poisoning, being slow compared with tem- 
perature effects. have been neglected. 


(2.2) Decrease of Cooling Power 


Heat is transferred from the reactor to water and thence 
removed as steam by the circulation of an intermediate heat- 
transfer gas, generally carbon dioxide. For a given gas, the heat 
transfer depends on the mass flow rate of the gas, which is deter- 
mined by the circulator speed and the gas pressure. Cases are 
examined in the paper arising from assumed failure of the 
circulating machinery and loss of pressure. Ina practical system, 
any such event would be arranged to initiate a controlled reactor 
shut-down by suitable movement of the control rods; in the paper 
the assumption is made that, for unspecified reasons, the control 
rods do not move. This is normally an unjustifiable assumption, 
and is made only to permit the analysis of the intrinsic safety of 
the reactor. 


(2.3) Thermal Shock 


The problem of the fall in temperature occasioned by an 
emergency reactor shut-down may be treated by methods similar 
to those developed below. Hence, the stresses in the fuel 
elements, graphite moderator and reactor structure due to the 
thermal shock may be estimated. 


(3) FACTORS AFFECTING TRANSIENT PERFORMANCE 


If the effective multiplication factor differs from unity, the 
neutron population, and hence the power, varies with time. In 
principle, the power change may be calculated from the equations 
which are often referred to as the ‘neutron kinetic equations’. 
Apart from k,, the data required in the neutron kinetic equations 
are the neutron life-time and the delayed-neutron abundances.!>2 
The former has a characteristic value according to the type of 
reactor, i.e. it depends mainly on whether a fast reactor, a 
graphite-moderated, a heavy-water- or a light-water-moderated 
thermal reactor is considered. The delayed-neutron abundances 
differ according to the reactor fuel, depending on whether 
uranium 235, plutonium 239 or uranium 233 is used. Thus all 
reactors of the same class, e.g. graphite-moderated natural- 
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uranium reactors, have the same kinetic behaviour following a | 
similar change of reactivity. K 

However, the resulting reactivity after the transient has com= 
menced is not the same as the impressed value. For example, 
suppose the transient to be examined is due to a sudden move- 
ment of the control rods, such that k,g increases from unity to | 
(1 + Kexa)s Where k,, is the excess multiplication factor, and the | 
suffix a denotes that it is the original, or applied, value. At | 
any subsequent time, k,, equals the sum of kx, and a contribu- | 
tion due to the consequent changes occurring within the reactor, | 
Among these, only temperature effects significantly influence the | 
short-term transient behaviour. 

An explanation of the variation with temperature of the | 
reactivity of a reactor is given in text-books on reactor physics.> 
In thermal reactors the effects may be divided into those asso- | 
ciated with the temperatures of the fuel and the moderator _ 
respectively. It is unlikely in the practical case that either of | 
these temperatures will be uniform throughout the system, but it | 
is possible, under suitable conditions which are discussed further | 
in Section 9.2 et seq., to choose a representative value for each 
component. 4 

Once the effect of reactivity on power and the effect of tem- 
peratures on reactivity have been considered, the final link in the 
sequence is the effect of power on temperatures, which may be 
studied by considering an elementary cell of a typical thermal 
reactor, such as that illustrated in Fig. 1. The transient te - 
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Fig. 1.—Simple model, unit cell of uranium, coolant and graphite. 


perature changes depend on the thermal capacities of the 
components, the processes of heat exhange between the com- 
ponents and the transient variation of power and coolant flow. 
In contrast to the neutron-kinetic equations, only very limited 
generalization is possible for the thermal process, which is closely 
conditioned by the design of the reactor. 


(4) METHODS OF SOLUTION 


The interaction of so many effects presents a difficult problem | 
in analysis, made more formidable by the form of the neutron-. 
kinetic differential equations. Machines have been devised’ in 
which the neutron kinetic equations are simulated in analogue 
form, but engineering feasibility sets a limit to the accuracy of 
such a device and requires the introduction of simplifying assump- 
tions. Perhaps the most important arises from the fact that, in 
contrast to the variation of neutron density which occurs effec- 
tively simultaneously throughout the reactor, variation of tem- 
perature spreads in wave fashion with a transit time which may 
be significant. A practical analogue, however, represents con- 
ditions at one point, or at best at a few points, within the reactor. 

If a digital computer is used to solve the problem, the only 
limits to accuracy are the effort required in programming the 
calculations and the machine time in performing them. However, 
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veat accuracy would be misplaced in the present context, both 
scauuse the original fault conditions cannot be precisely defined, 
ad because much of the data (e.g. reactivity temperature and 
eat-transfer coefficients) are known only within a few per cent. 
ne need is for a reproducible method of analysis which gives 
onsistent results when applied over a wide range of values of 
ye fundamental parameters, so that the safety of different cases 
ay be assessed on a comparable basis and consistent margins 
ay be allowed. Thus, the potentially high accuracy of the 
ital method is largely offset, and its only justification is to 
i 
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g. 2.—Power and temperature transients, 0-4°% change in reactivity. 
(i) K = 1-6degC/kW, Po = 0-02kW, t = 8sec. 
(ii) K = 1-6degC/kW, Po = 0:02kW, t = 24sec. 
(iii) K = 1-6degC/kW, Po = 200kW, 7 = 8sec. 
(iv) K = 6-8degC/kW, Po = SOkW, 7 = 8sec. 
Analogue results. 


| —---— Graphical results. 


(a) Temperature. 
(b) Power. 
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2 3.—Power and temperature transients following a steady fall in 
coolant velocity to 10%: pressure constant. 


— Analogue results. 
———-— Graphical results. 
(a) Power. 
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{e) Teniperatire when pressure falls to 10% with coolant velocity constant. 
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If the equations representing the processes described in Sec- 
tion 3 are suitably modified by simplifying assumptions, graphical 
and analytic solutions may be developed, Such methods are 
described in Section 9 and the results obtained for various cases 
of practical importance are compared with analogue-computer 
solutions in Figs. 2 and 3 and in Table 1. 


Table 1 


Maximum transient 
Cause of change in cooling grid Cans Binet 
Rateror emperature (starting 
Rhanceion temperature 258°C) 
cooling 
Change in Change in Analogue Graphical 
circulator speed | coolant pressure method method 
WA %, degC degC 
90 0 Step 470 502 
90* 0) Step 388 
90 0 Te Cy— 24 see 429 425 
90* 0 T.C. = 24 sec 347 
90 0 T.C. = 48 sec 380 
90 0 4-2%]|sec 462 
90 0) 1-43 %/sec 425 440 
0 90 Step 470 
0 90 4-2%/sec 436 
0 90 1:43%/sec 418 440 
0 90 10574 /sec 395 
80 0 Step 400 
80 0 Gr A see 377. 
70 0 tep 260 
70 0 TG, = 24sec 346 
50 0 tep 315 320 
50 0 WiC s— 24sec 307 
30 0 Step 286 294 
30 0) HEC = 34 sec 384 


* For plutonium fuel. 


Note.—Rates of change of cooling in terms of time-constant (T.C.) 
refer to exponential run-downs. 


(5) DISCUSSION OF RESULTS 


The transient characteristics of the Harwell reactor Bepo have 
been discussed by Moore.! With the methods given in Section 4, 
similar characteristics have been calculated for a range of designs 
of graphite-moderated gas-cooled reactors, and from this study 
some general conclusions have been formulated on the effects 
of different variables on three aspects of transient behaviour 
which are important in practice. 


(5.1) Abrupt Increase of Applied Reactivity, with Constant 
Cooling Conditions 


This may be discussed in terms of the power, P, produced by 
a given channel in a particular reactor, and a mean temperature, 
T,, Which is representative of the fuel elements. Cooling con- 
ditions may be specified by a parameter, K, which in equili- 
brium equals 7,,/P. Discussion of the transients is facilitated 
by a further parameter, which will be referred to as the channel 
time-constant, T. 

The typical course of events is shown in Fig. 2. As a conse- 
quence of the reactivity release, the power rises, and the uranium 
temperature, which follows, ultimately stabilizes at a value 
determined by the magnitude of the reactivity step and the 
temperature coefficient of reactivity. By definition, the change 
in equilibrium power is then 1/K times the final change in uranium 
temperature. However, before equilibrium is reached, power 
and temperature may overshoot or even oscillate. The influence 
of the various factors on the transient behaviour is illustrated in 
the four cases in Fig. 2, each of which represents a reactivity 
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increment of 0:4°%, and the results may be summarized as 
follows. 

The tendency to overshoot becomes greater if 7 is increased, 
but a change in K does not alter the temperature overshoot. 
For given values of K and 7 the transient is more severe the 
greater the power at which it commences. 

For a given reactor channel, t and K are not independent, as 
may be seen from eqn. (15), in which t/K depends only on the 
thermal capacity of the fuel rods in the channel. For this reason, 
a power reactor working on part load, when it would be operating 
at a higher value of K and therefore a higher value of 7, has a 
greater tendency to overshoot. This is the explanation for the 
oscillatory response of Bepo noted by Moore (Fig. 4) as com- 
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Fig. 4.—Power and temperature transients of Bepo, following 0-2 % kex, 
with low starting power. 


pared with the cases illustrated in Fig. 2. The fuel-rod dimen- 
sions are very similar in both cases, but the value of K for Bepo 
is higher’ (Bepos Ps 6kW;, 7,,— 300° @ 7K — 505, Typical 


power reactor on full load: P = 200kW, 7, = 200°C, K = 1). 


(5.2) Reactivity Increasing at a Constant Rate 


This case is important in connection with starting up the 
reactor from its shut-down state, when the power is raised from 
the quiescent to the operating value. If the control-rod position 
where the reactor would be exactly critical could be predeter- 
mined, the start-up process could be halted at or near this point; 
but this point depends among other things on the previous 
operating history of the reactor and is not easy to calculate. If 
the control-rod withdrawal is continued at constant speed past 
the critical point, which in practice will not be evident, for a 
given control-rod speed (which approximates to a given rate of 
increase of reactivity) the rise of power will always follow a 
similar form, such as that shown in Fig. 5. During the first 
phase, until the reactor is slightly supercritical, power rises very 
slowly and is not visible on the scale to which Fig. 5 is drawn. 
In the second phase, power rises at an increasingly rapid rate. 
In the third phase, the rise of temperature stabilizes the situation 
and the final rate of rise of temperature and power is limited by 
the temperature coefficients of reactivity. Thus, by limiting the 
control-rod speed it is possible to ensure a definite pattern of 
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Fig. 5.—Typical start-up curves for constant-speed rod withdrawal. 


(a) Starting power of 1 watt. 
(b) Starting power of I1mW. 


start-up, and the unknown critical point merely has the effect of 
altering the time at which the transition illustrated in Fig. 5 is 
enacted. i) 

The start-up curves plotted in Fig. 6A show how the power 
varies as a function of the reactivity released at any time for a | 
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Fig. 6A.—Start-up curves without negative temperature coefficient 
effects. 


— — Uranium 235 fuel. 
—--- Plutonium 239 fuel. 


range of rates of reactivity increase. These curves, which were | 
obtained with the use of the neutron-kinetic section of the | 
analogue computer, are independent of the thermal charac- 
teristics, and therefore apply to all reactors of the same type (i.e. 
having the same mean neutron life-time and using similar fuel, 
which in this case is uranium 235). The broken curves in 
Fig. 6A represent the hypothetical case of a similar reactor using | 
plutonium 239 as the fuel. In practical power reactors a part of | 
the initial charge of natural uranium tends to be converted during | 
operation to plutonium 239, so that the characteristics of a 
mature reactor may lie between the two cases. 

After temperatures have risen significantly, the subset 
behaviour of the two systems is shown in Figs. 6B and 6c, in 
which the abscissa is reactivity released at any time, while ie 
ordinate represents the reactivity taken up by temperature effects 
at that time. At a given abscissa the difference between a curve 
and the line ON represents the available reactivity which, for 
fast reactivity rates, may be quite large, towards the right-hand 
side of the Figure. 


The conditions which determine whether the temperature over- | 
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Fig. 6B.—Start-up curves for uranium 235, including negative 
temperature coefficient effects. 
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Fig. 6c.—Start-up curves for plutonium 239, including negative 
temperature coefficient effects. 


(i) ker = 0:2 X 10—-Skez/sec. 
(ii) Kee = 1 X 10—Skex/sec. 
(iii) Ker = 5 X 10—Skez/sec. 


ieral, the same as those described in Section 5.1. The starting 
wer, denoted as Py in Fig. 6A, is always small (less than a few 
atts for the whole reactor), and overshoots are therefore unim- 
ertant over the range of practical values of the channel time- 
wnstant. Although small, the starting power is capable of 
ting varied within limits in the design of the reactor, and 
iquires to be taken into account. If, for example, starting 
pwer in the case of a given curve in Fig. 64 were reduced by 
ne decade, then, since the power would have to rise by a further 
scade before achieving the same effect on temperature, the 
wreesponding curve in Fig. 6B would be displaced to the right 
’ “his time interval. The result would be a proportionally 
“eater surge of temperature. On the assumption that a limiting 
lve for the amplitude of temperature surge has been specified, 
will be noted that, if the starting power were increased, e.g. by 
fz an artificial neutron source,” a faster start-up would be 
ss ible, since not only is the range over which power requires 

2 raised reduced, but also a higher reactivity rate is permis- 
>. Judged by the criterion of temperature surge, it is seen 
ori Fig. 6c that the change to plutonium fuel leads to easier 


se before asymptotically approaching the line ON are, in 
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starting conditions, and it would appear that plutonium build-up 
in a power reactor need not be taken into account in determining 
control-rod speeds. 


(5.3) Coolant Failure 


After a nuclear reactor has been shut down, the continuing 
occurrence of radioactivity throughout the core, and in particular 
in the fuel elements, renders essential the provision of some 
residual cooling to remove the after-heat. Greatest reliability 
would be provided by natural circulation; where this is not 
technically feasible, either storage-battery or steam-driven back- 
up circulators may be employed. 

As a consequence of coolant failure whilst at power, fuel- 
element temperature rises, reactivity is in turn reduced and the 
power subsequently falls. This continues until the cooling pro- 
cess stabilizes, after which power also stabilizes at a value such 
that temperatures are restored approximately to their original 
value. This is possible only if the residual cooling capacity is 
greater than is required by the after-heat at the original tem- 
perature levels. 


These events are illustrated in Fig. 7. The effect of the para- 
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Fig. 7.—Power and temperature transients following step reduction of 
coolant velocity to one-tenth of rated value. 


—---— Graphical results. 
—-+— Graphical results including effect of fission-product heating. 
— Analogue results. 


meters K and 7 on the course of the transient is examined in 
more detail in Section 9, and it is shown that the severity of the 
transient depends on the rate at which the circulation fails. This 
is a function of the inertia of the rotating parts, while in the 
special case of steam-driven circulators it may also be retarded 
by the provision of a steam accumulator. By controlling such 
factors, the designer may limit the amplitude of the temperature 
transient. 

If the cooling potential were reduced as a consequence of gas 
leakage from the pressure circuit, the range over which this could 
occur is given by the initial pressure expressed in atmospheres. 
An example of this type of transient is illustrated in Fig. 3(e). 
The result may suggest the advisability, for reasons of safety, of 
limiting the maximum operating pressure. 


(6) CONCLUSIONS 


Cases have been examined which might arise on gas-cooled 
reactor plants in consequence of severe fault conditions. Methods 
of calculation have been suggested which may be applied in 
such cases, provided that a number of simplifications are made, 
The results are not so accurate as those obtainable from the best 
methods of mechanical computation, but it is suggested that the 
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methods are useful in yielding reproducible results which correctly 
indicate the trends due to variation of the parameters. The use 
in the design stages of such methods for examining the transient 
characteristics of a projected plant should enable performance to 
be optimized without jeopardizing inherent safety under con- 
ditions of major faults. 

Many of the cases examined in the paper are illustrated by 
analogue-computer solutions, and the calculations agree with 
these satisfactorily. Very few results are available from actual 
reactors, since the occurrence of such faults is extremely rare. 
Nevertheless, the results are not without importance in establish- 
ing confidence in the safety of these plants; and having in mind 
the complexity of the subject, it would appear justifiable to seek 
further confirmation of the predicted results by experiments on 
actual reactors. 
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(9) APPENDICES 
(9.1) Development of Graphical Solutions 


(9.1.1) The Reactor Kinetic Equations. 


An explanation of these equations is given in Reference 1 and 
a rigorous derivation in Reference 4. They are: 


i=6 
dnfdt = [k,. — B)n]/1 eos ity: ies he. ate 
dr;fdt = Ke xpPnll ve Air; ° d 4 : (2) 
i=6 
4 pid : 


(Note: No concise term appears to have been coined for 
k., = reproduction constant minus one. Reactivity is strictly 
defined as k,,/k.g; however, in the class of reactor described here, 
kg is so nearly unity that the term reactivity may be applied 
to kx.) 

A correction is necessary to the value of power calculated 


all 
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from eqns. (1) and (2), owing to the phenomenon of after-heat, 
This arises from the continuing radioactive decay of the produ 
of past fissions, and for the time intervals considered here, may 
be taken as a constant, equal to about 5% of the steady power 
which applies at the commencement of the transient ooeu 
This constant component has been ignored in all the subsequent | 
Sections except 9.1.6, where a method of applying a correction | 
is given. ‘ 
The values of the fission yields, u;8, of neutron-emitting | 
isotopes vary according to the parent fuel, and the kinetic | 
behaviour is correspondingly different. Values for uranium 2354 
and plutonium 239 are given in Table 1 of Reference 2. | 


-— 


(9.1.2) Interaction of Temperature and Reactivity. 


The phenomena which cause these effects are described it 
Reference 3. The results may be summarized for present p 
poses by assuming that the reactivity absorbed is proportional | 
to the sum of the products of the temperature and partial tem- 
perature coefficients for the graphite and fuel separately, and for! 
a hypothetical reactor in which the neutron flux and the tem- 
perature of a given component are uniform throughout the 


system, | 
— MT, 7. 


In practice, the axial distribution of temperature and to a smalle 
extent the radial distribution are not uniform, and therefore the} 
net effect of these different temperatures on k,, is required. It! 
is shown in Reference 3 that the effect of temperature at a giver 
point should be weighted in proportion to the square of the} 
neutron density at that point. am 
In addition to the variation in temperature along the chann 
and across the reactor, a radial temperature gradient exists) 
within the uranium bar. Calculation of the effect on reactivity} 
of temperature within the bar is complicated by the fact that 
both neutron density and neutron energy change with depth of} 
penetration into the bar. This effect is believed to be insignificant 
in the present context, and it is assumed that the reactivity change’ 
is proportional to the change in mean temperature over the bar. 
cross-section at any point along its length. If T,, is the surfa ace 
ae 


Rex =-— «4,1, 


temperature at this point, and 7,, + T is the temperature of 
element of the bar cross-section S at this point, the internal nn 
temperature 7,,,, is defined by 


Tse A TdS ‘ 


In the following Sections an axial mean temperature T,, is 
employed, defined by: 


1 Zz 
Ts pea Tag o] 


Therefore, if the form of the distribution of temperature and 
neutron density remains unchanged during a transient, Ky 7 
be related to any convenient temperature, e.g. to i 


hes = Keen = alTy a To) = aATe ae To) : (4) 

a, bears a constant relation to «, given by . 
Ge dae . 
a niee 


Similar expressions apply for a; : 
The condition that the neutron density distribution remains 
constant is usually satisfied, since it is little affected by the 


‘reactivity redistribution which can occur during a practical 


transient. The condition that the redistribution of temperature 


| 
| 


iring a transient does not affect ‘a, requires checking for a 
wen Case. 


1.3) Heat-Balance Equations. 


‘The process of heat exchange between the fuel rods, the coolant 
s and the graphite matrix may be studied using the simplified 
odel shown in Fig. 1. An elemental length of one channel 
considered, in which the circular boundary of the graphite 
li is chosen to give the correct volume of graphite associated 
ththe element. Zero flow of heat is assumed at the boundary 
the cell, and diffusion time into the graphite is neglected, i.e. 
\iform temperatures are assumed over any plane perpendicular 
| the channel axis. The design of the type of reactor dealt 
ith here is such that these conditions are approximately satisfied 
P equilibrium, and under transient conditions are satisfied within 
‘© limits discussed in Section 9.4. Consider the heat balance 
r each of the elements of the cell shown in Fig. 1. 


Nese: 
A =P cosaz/L; + (7, —Tiy,w{R, - . ©) 


vanium. C, 
aolant. 


C,0T Jot + udT.[0z) = (Tum — T.)[R, + (Ty, — TR. © 


woderator. CRO Oia (heal) pe ete 5 A (1) 
ere Gi pa PuGusn 

Cy = PeCeSe 

C3 = p,C,S, 

Ri Ap hes Qe Sly IL 

Ry = 1[pzhz 


‘These equations were given by Woodrow, ° who justified the 
-glect of conduction in the axial direction compared with con- 
‘ction heat transfer. The temperatures refer to the difference 
‘tween the values measured at a given point and that of the 
olant gas at the inlet to the reactor. The inlet temperature is 
sumed to be constant throughout the transient, which is 
stified by the approximately constant temperature charac- 
ristics of the heat exchangers. 

\In practice, the fuel material is surrounded by a sheath having 
‘thermal capacity and a thermal resistance between it and the 
kel. In practical designs the latter is small compared with R, 
id may be included with it, the sheath thermal capacity being 
mped with that of the fuel. The thermal time-constant of the 
Jeath is neglected by this procedure. 


1.4) Simplifying Approximations. 

jEqns. (5), (6) and (7) are partial differential equations, but 
yese may be converted to ordinary differential equations by 
tegratng both sides of each with respect to z. In effect, Tym, 
.. and 7, are then replaced by their mean values T,,, T, and T, 
tong the channel up to the point z considered. This is per- 
Jissible since the other variables in eqns. (5), (6) and (7), namely 
/ Ry, and R,, do not vary along a given channel, although this 
not necessarily true between different channels (see Section 9.2). 
ae equations for the variation of mean temperatures are given 
‘ Section 9.3, where the example is solved of a step in power. 
: typical practical solution is plotted in Fig. 9. In practice, it 
‘ pecessary to reinterpret the mean temperatures in terms of 
eteal values in a channel. To a first approximation it may be 
sumed that the temperature changes occur in phase at all 
obits along the channel, when the steady-state distribution, such 
“ Shown in Fig. 8, may be used to determine the ratio between 
e naximum temperature and the mean. The error introduced 
7 his assumption is examined in Section 9.4. 

'©3 can be seen from Fig. 9, the moderator temperature does 
* vary significantly during uranium temperature transients. 
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Fig. 8.—Distribution of power and temperature along a channel. 
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Fig. 9.—Variation with time of fuel, coolant and moderator 
temperature at a point in a channel. 


Making this assumption, the simplified equations may be written 


POS Cdl [di (TED) R i ee 
= pW, ie \ ip oa To 
(ZT /D)ee “aR, 
OPT! (eS /2) i= Ree ee) 


For the most accurate calculation of maximum uranium tem- 
perature the point z should be chosen to coincide with maximum 
temperature. Owing to the symmetry of the heat distribution, 
however, simpler expressions are obtained if z = L/2, i.e. the 
complete channel is considered. Whether this approximation is 
permissible in a given case may be judged by the criterion of the 
temperature distribution. 

The reactor-kinetic formulae, eqns. (1) and (2), have been 
solved for the case in which the reactivity increases abruptly 
to a given value from zero. It has been shown by Gillespie® 
that the solution may be represented approximately by 


P’ = A(k,,)Poeo" (10) 


where A(k,,) is a multiplying factor which is a function of the 
reactivity increment and w, is also a function of k,,. For very 
slow changes of k,, Hurwitz+ has developed an expression 
similar to eqn. (10), but this condition does not apply to the 
rates of change of reactivity which occur in temperature transients. 
Bowen’ has suggested an approximation derived from the fre- 
quency characteristics of a reactor. Rewriting eqn. (10) of 
Bowen’s paper gives 


1 dP’ a dP’ 


i : dk ox 
P’ dt dt\P’ dt 


dt 


) = 30k, + 150 
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This equation has been employed in the present work with 
certain modifications. By suitably restricting the cases con- 
sidered, it was found possible to ignore the term containing the 
second differential coefficient of the power; whilst the numerical 
coefficients of k,, and &,, have been replaced by functions of 
these variables. The function of k,, which is referred to in 
eqn. (10) as w, has been calculated for graphite-moderated 
thermal reactors and is shown in Fig. 10. The function of k,, 
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Fig. 10.—, as a function of kex. 
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has been obtained from experiments in which different rates of 
reactivity variation were applied to the analogue computer, and 
is shown in Fig. 11. The relationship is approximately 


@. = 170k,» 


and this may be compared with the value given above, which 
was obtained by a completely different method. The approxima- 


fe} 


0-05 O1 


BS 
x 
8 


fo) 
fo) 


REACTIVITY, kex 
REACTIVITY, key 


RATE OF CHANGE OF 
re) 
oO 


RATE OF CHANGE OF 


001 


(o) 0-005 0@15 00 
; W 


Fig. 11.—« 2 as a function of ;ex. 


BOWEN AND MASTERS: TEMPERATURE TRANSIENTS IN 


a 


1 


tion employed in the calculations of the paper is in terms of | 
P’ given by / 

(1/P’)(dP’/dt) = w (ke) + w(K ex) : (11) 
(9.1.5) Graphical Solution of Simplified Equations. 


Substituting for T,, from eqn. (9) into eqn. (8) gives 


T a (z a L[2)T.o é ly 

aa. 1 me i RF if ; 

Sa aaa (12) | 

Tey Fo 5 ee) a 
Dividing eqn. (11) by eqn. (12) gives 
dP’ C (w, + Wo) Py 
aT, 4 ia (z — L| 2)T m 

( 1 x : RF (13) L 

ak ae P | 


It is generally more convenient to rewrite this equation in term 
of the design-point conditions. In the following it is assum 

that it is sufficiently accurate to work in terms of the complete | 
channel length, ie. z= L/2. Then % = 2, and also P’ = PIL # 
where P is the power output from the channel. Then _ | 


dP TK 
eee (ee x (@, + wy) 
K le 
where z =C,L 
i= To . 
hee, (PIT Deg.ol wl Wo) 
Lh[ Rho 
tT) Wo 
i, Sol Mes + | c a6 Wea 
Aare Ts Ea 
eq.0 mri (5 2) Wo 
| i Ao\P ego W | 
(17) | 
8 yt —T, | 
ile eq.0 


The trajectory of a point on the phase-plane of P and J, 
gives the variation of P as a function of T,,. Such a Panda 
may readily be plotted, en _the righthand side of eqn. (14) | 
contains as variables only P, 7,, and dT,/dt. The latter can be | 
indicated on the phase-plane, by lines of constant values of 
dT,,/dt according to the equation | 


Teal, ; 
P=oo* + ot, -T) (18) 
A number of worked examples are shown in Fig. 12 for a | 
transient initiated by a step of reactivity. The initial conditions 
associated with eqn. (10) are represented by the instantaneous 
step from Po to APo which occurs at constant value of J,. These 
results are compared with analogue-computer solutions i in Fig. 2 | 
and indicate satisfactory agreement. 
A worked example is shown in Fig. 7 for the case of a sudden 
reduction in cooling power to one-tenth of its initial value. 
Fig. 13 shows the two cases of an increase and a decrease in 
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@. 12.—Variation of power with mean uranium temperature for 
transients due to 0:-4% kex step increases in reactivity. 
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® 13.—Variation of power with mean uranium temperature for 
transient due to 30°% change in coolant flow. 
A. Initial operation point. 


B. Operating point after 30% increase in coolant flow. 
C. Operating point after 30% decrease in coolant flow. 
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cooling power by 30%. Together the curves illustrate the 
principle of changing power isothermally by adjustment of 
cooling power, which is the normal method of changing the 
load on the Calder Hall reactors. The transient temperature 
changes may be made as small as desired by limiting the magni- 
tude of the steps, or in practice by the gradual adjustment of 
cooling power. Some final trimming of reactivity is necessary 
if it is desired to maintain can surface temperature constant. 

If it is desired to determine the transient temperatures in 
terms of can surface temperature, this can be accomplished by 
subtracting the temperature drop (7,, — 7,,,) from the transient 
effective temperature, the value of (7;, — 7,,,) being proportional 
to the power. This operation is shown as curve (b) in Fig. 17. 

In practice, the cooling potential could not fall off abruptly, 
and the effects of a more gradual reduction are shown in Fig. 3. 
The calculated results were obtained by numerically integrating 
eqns. (11) and (18), and the results of a wide range of cases 
which were tested in which the reduction of flow occurred at 
different rates and followed different laws are summarized in 
Table 1. Good agreement was obtained between the calculations 
and the results from the analogue computer. 

It may be shown to a first approximation that the speed, N, 
of a practical gas circulator follows the law 


r 
;—— No 
A+t 
where A is a constant related to the inertia, and ¢ is the time 
following loss of driving power. The peak temperatures reached 
following power failure and circulator run-down to different 


minimum speeds have been calculated for a range of values of A, 
and are indicated in Fig. 14. From studies of this type it is 


N(t) = 


TEMPERATURE RISE,°C 


Fig. 14.—Transient temperature rises as a function of A for run-down 
to minimum speeds of 10-70% of rated speed. 


possible to estimate the circulator inertia which would satis- 
factorily limit the transient. 

The previous solutions have been obtained in terms of the 
mean fuel temperature along the channel, but within the limits 
of the assumptions made in this Section the values of transient 
temperature changes occurring at the point of maximum tem- 
perature may be obtained by multiplying by the ratio of these 
quantities which holds in equilibrium. This is 


4 [i a) | ans a 
i re. RIC, ae ot, (20) 
i ORL; TL Ly i wh 

TL, QL RC, Ly 


(9.1.6) Effect of Fission-Product Heat on Transients. 


As explained in Reference 2, a proportion of the operating 
power at any time is in the form of radioactive heating due to 
the y and B decay of the fission products. The decay time of 
this activity is long compared with the time of the transient 
considered here, and it can therefore be assumed that, during the 
period of the transient of interest, a proportion of the power 
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remains constant. The result of this is to modify eqn. (11), 
which now becomes, in terms of channel power, 


P/(P — APo) = aylkex) + Wolkex) - (21) 


where AP, is the proportion of fission-product heat (assumed 
constant during the transient). 
1 — AP,/P and becomes 


dP TK 
Fa i Se 


3S) 

K P 
The effect of this modification in the case of a step fall of coolant 
down to 0-1 rated circulator speed is indicated in Fig. 7. 


(9.2) Application to Practical Reactor Systems 


The discussion in Section 9.1 applies to a particular channel 
in a reactor or to a hypothetical reactor in which all elements 
have similar heat outputs and temperatures. In practical reactors 
the heat output is not equal for all channels, but is usually least 
towards the edge of the core. The temperature depends on the 
heat output and on the coolant flow in a particular channel. 

It would be possible to allow equal coolant flows through 
each channel irrespective of the heat release, e.g. in low-power 
experimental reactors in which neither economy of coolant 
pumping power nor development of high gas temperature was 
important. The temperature in each channel would be propor- 
tional to the respective heat outputs, and the value of the tem- 
perature/power ratio K would be uniform. Although of different 
amplitudes, the temperature transients would occur simul- 
taneously in each channel, and if the temperature coefficient of 
reactivity were computed for 7, according to Section 9.1.2, the 
calculations already given would apply correctly to the central 
channel. 

In power-generating reactors it is the practice to match the 
channel coolant flow to the heat release. The value of K is no 
longer uniform across the reactor, and if individual channels are 
treated separately according to the preceding discussion, the 
transients would appear to have varying forms and times depend- 
ing on the value of K. In practice, the temperature transients 
probably do vary in time in different channels, being fastest 
when the power rating is highest. Temporarily, an abnormal 
distribution of reactivity prevails, but it has been explained in 
Section 9.1.2 that the distribution of power does not alter in 
consequence. The distribution of power and the variation of 
power with time are determined by the overall value of reactivity, 
averaged at any instant according to eqns. (4) and (4a). The 
power transient therefore tends to be determined by those 
channels which have most influence on the reactivity. If, as is 
usual, all the channels at a given radius from the core axis share 
the same conditions, the number of channels at a given radius, 
r, is proportional to 27r; and if the neutron concentration at 
that radius under normal equilibrium conditions is n(r), the 
effectiveness of that group of channels is proportional to 
2nr[n(r)]?. This quantity has a maximum value at a radius r*, 
which may be determined for a given reactor (see Fig. 15), and 
the preceding analysis may be applied to a typical channel in 
the region r*. The variation of power occurs simultaneously 
over the whole reactor, the amplitudes in the different channels 
corresponding to the equilibrium distribution of heat release. 
The temperature variation is given by the preceding calculation 
in the region r*; in more highly rated channels, where K has a 
Jower value, temperatures follow the power more closely; in the 
outer channels the lag is greater. The values may be calculated 
by solving eqns. (5), (6) and (7) for the temperature, the change 
in power as a function of time being given by the results derived 
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Fig. 15.—Variation of neutron density and channel effectiveness 
with radial distance from core centre. i} 
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from the region r*; or, within the accuracy of that analysis, by | 
similarly solving eqn. (18), the power once again being given. | 
The steps in this procedure are illustrated by an example in ~ 
Section 9.5. > | 


3) Solution of the heed Equations 1 


noting that, in equilibrium, d7,/dz is not very different fore the 
mean value of this quantity up to the point considered, i.e. T,/z. | 
If the criterion given in Section 9.4 is satisfied and temperature | 
transients do not involve a transient redistribution of temperature, 
the mean value may be used in calculating the transients. Employ 


ing the following substitutions: 


6 — t/RyC, 1 
y = O/C, t. 
B = C,/C; i 
= R,/Ro 
vy = dz|/d0 K 
PR +z 

Soe =F] os (F az 

Eqns. (3)-(5) may be written 

dT, Eu) 
ao + T, = (23) 


dT, 


— yT,, + 77) eu . & 


- . 
4 ole + aT =O (25) 


— aBT, iG 


Employing the Laplace transformation and denoting the variable 
of the Laplace transform by s gives 


#,= (Efe +s[2 +10 +0) +o] + 8(% + y)lD 


7 = () bs + apy 


T, = (=)epyp 


_ here T indicates the Laplace transform of T, and 


as4s? pe Oh Fe) cee | 


a Ee: + 1) + &Bly + 1) + ay | =f ae 


(26) 
= (5 — 51)(s — sy)(s — 83) 
here $;, 52, and s3 are the roots of D = 0. 
| Then 
n=3 Sn 
-= 5 {ato 2 + yl +2) +68 | + ofl +7)h& 6 
| 
| +41 4. QD 
n=3 
| = — “abe + of) | + +2. (28) 
SnD 
| -% (obs 7) +H (29) 


ihere 
ay = s,{302 + 3 + yd + «) + «8 + | 
+ Ee: ole eb -- 1) a |! 


(9.4) Effect of Channel Length on Transient Temperature 
Variation 


0 oTu _ p (T,, — Te) 
t (i 30 
Ley R, 0) 
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a ot ia OZ Ry ( ) 


these may be solved for the initial conditions, t = 0, P’ = 0, 
‘wd T, =7T,=0. Thereafter P’ has a constant and uniform 
alue. Putting 0 = = t/C, Ry, v = 02/00, y = Cy/C, and T= RP’, 
ne equations become 


ee ST aSds oe (32) 
VESOO OT 
pee’ Sea —yT.=0 33 
59 te ap VN gs ey Dig (33) 
‘liminating 7, gives 
pore eid. [2 DT: aT 
eal pace SVS i 34 
ye 2) ot +71 + | + Bivogs rn! (34) 
Denoting the Laplace transform of T, by T,, gives 
~ OC. ay Wal 
PH + 5[ e+ a +n] +o amare (35) 


«ne solving for 07,/2z gives 
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which yields, on taking the inverse transformation 


roel GC-3]"}oo-[2 + (0-3) 00 
O>z/v 


The variation of T/T... with 6, with yzlv as a parameter, is 
plotted in Fig. 16. The parameter yz/v, which determines how 


Orr. 
02060 oO 


provided that 


(o) 2 4 mG 8 10 
aay) 


Fig. 16.—Coolant temperature rise plotted against normalized time, 
at points along the channel having transit times y expressed in 
multiples of yz/y. As y—> 0 the form tends to exponential. 


closely the behaviour agrees with the simple exponential form 
deduced in Section 9.3, may be given a physical interpretation: 
it is the time, expressed in multiples of the ‘uranium thermal 
time-constant’, taken by the coolant to reach the point z from 
the channel entry multiplied by the ratio of the thermal capacities 
per unit length of channel of uranium and coolant. Thus, at 
a point 20ft along the reactor channel, with gas flowing at 
40ft/sec and a uranium thermal time-constant of 10sec, 
z/v =0:05. The value of y varies from about 500 for an air- 
cooled reactor to 15 for a pressurized power reactor, so that the 
assumption made in Section 9.1 would be reasonably satisfied in 
the second, although not in the first, example. 


(9.5) Example Illustrating Use of Formulae 


(9.5.1) Determination of ‘Most Effective Channel’ Power and Tem- 
perature Transients. 

The case to be examined is the addition of an 0:4% reactivity 
increase to a typical reactor when operating under rated cooling 
conditions and 10~? of rated power. 

Reactor specification: 


Total pile power = 180 MW. 
Total pile power — power in graphite = 93% of 180 = 167 MW. 
Number of channels = 1 700. 
Radial form factor = 1:89. 
Therefore total central channe! heat — heat to graphite = = heat 
developed in fuel element = 186kW. 
Rated central channel mass flow = 2:54 Ib/sec. 
Rated central channel coolant velocity = 72 ft/sec. 
é p2h2 for central channel at rated conditions = 0-038 kW-sec/deg 
-ft. 
Radial neutron flux distribution assumed to be unflattened. 


It is assumed that the equilibrium uranium and coolant tem- 
peratures are uniform in a plane perpendicular to the channel 
axis, and that the distribution along the channel axis is as shown 
in Fig. 8. 

From Section 9.2 and Fig. 15 it can be seen that channels at a 
radial distance r* from the core centre have the greatest weighted 
effect on transient power, where the channel power at r* is 0:8 
of the central channel value. Therefore the channel power at 
r* is 150kW. 

It is assumed that the coolant mass flow is regulated across the 
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core in proportion to the variation in power; the mass flow in 
the channel under consideration will then be 2-0321b/sec and 
the coolant velocity will be 57-2ft/sec. The temperature coeffi- 
cient, based on mean uranium temperature 7, for the most 
effective channel, is —1-5 x 10~5k,,/degC. It is also assumed 
that the coolant pressure is constant at the rated value through- 
out the transient. 


Starting Conditions. 


Py) = 0:15kW, i.e. 10-7 x rated power. 
T,9 = 0°245°C \ scaled down from Fig. 8 in 
1» =0-086°C proportion to the power. 


The plot of power and temperature transients is carried out by a 
step-by-step method from the evaluation of dP/dT,, at consecutive 
points in the PT, plane. To facilitate the tabulation of the 
step-by-step graphical construction it is convenient to express 
eqn. (14) in the form 


dP /dT, => X(w; ol. W>) 


where (37) 


Oe fk, =o a,AT,,) 
wo, = f(T fat) 


The value of w, is obtained from Fig. 10, where the value of 
AT,, is the temperature rise above the starting equilibrium con- 
dition at the instant considered. The value of w, is obtained 
from Fig. 11, and the value of dT,,/dt is the rate of change of the 
mean fuel-element temperature along the channel at the instant 
considered. The value of d7,,/dt at any position of the plot is 
conveniently obtained from a system of lines of constant value 
of dT,,/dt shown on the power/temperature diagram according to 
the relation given in Section 9.1.5, which can be written as 


Goa rK Line 
dt T 7 
Evaluating the parameters 7/K, K, 7, and 7, gives 


7|K = 7-7T4kW-sec/deg C K = 1-48 degC/kW 


Tigers) 


7 = 11-4sec T= 070229"'C 
71-714 
whence Ne= 1 —0-675T|P ee ee (SD) 
dT/ dt ~ 0-129P — 0-0887, bo en, ahets(40) 


By means of eqns. (39) and (40) the lines of constant X and 
aT,/dt are drawn on Fig. 17 and the transient curve relating 
power to temperature is constructed by the step-by-step method. 
From Fig. 17 the time to reach consecutive points on the 
power/temperature diagram can be tabulated using the relation 
np AY & 

ia Lae 
The curves showing the variation of power and temperature with 
time are shown in Fig. 18. 


(41) 


(9.5.2) Determination of Central Channel Power and Temperature 
Transients. 

For reasons given in Section 9.2, the power transient in the 
central channel is of the same form as that in channel r* but 
increased in amplitude by 1:25. The power curve is plotted as 
curve (c) in Fig. 18. 


200 X=11 129 155 
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Fig. 17.—Variation of power with temperature for 0:-4% kex step 
increase, showing construction lines of constant value of X iy 
and dT,,/dt. 


(a) Transient based on channel mean effective uranium temperature. 
(b) Transient based on channel mean surface uranium temperature. 
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Fig. 18.—Transient power and temperature variations with time. 


(a) Power in channel r*. 

(6) Mean temperature in channel r*. 

(c) Power in central channel. 

(d) Mean temperature in central channel. 


g 
cs 
P 
5, 
The corresponding channel mean temperature transient in the — 
central channel is plotted from eqn. (38), where the value of 7 is — 
that corresponding to central-channel conditions, and the equa- j 
tion becomes ; 


dT/dt = 0-129P —0-108T, . . . . (42mm 


The transient of maximum temperature occurring in the central — 
channel, from eqn. (20), is 1-22 times that plotted as curve (d) _ 
in Fig. 18. 

The validity of using the ratio obtained from the steady-state — 
distribution may be checked by evaluating the distribution para- 
meter yz/v. For a diameter of fuel rod of 1-1in and flow area 
in channel of 10 in? (typical dimensions), the value of y, assuming 
CO, at 1001b/in?, is 67-2. v = Coolant velocity x uranium 
thermal time-constant = 57:2 « 11-4 = 650ft. From Fig. 8, 
at the point of maximum uranium temperature, z = 15 ft, 
approximately. Therefore, yz/v = 1-55. 

From Fig. 16, the transient deviation from the steady-state 
distribution is judged to be insignificant. 


[The discussion on the above paper will be found on page 365.] 
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SUMMARY 


The basic design criteria for electron-collection fission counters are 
discussed; data are presented concerning the effect of thickness of 
sissile material on sensitivity and the effect of electrode spacing and 
gas pressure on pulse height. High detection efficiencies are obtained 
with electrode coatings of 1 mg/cm2, and thicknesses up to 2mg/cm2 
may be used when high sensitivities are required. When argon is used 
ws the filling gas the product of gas pressure and electrode spacing 
» pd, in atmosphere-cm) should lie in the region 0-4-1-0, the higher 
aalue being preferable if it does not give rise to difficulties in ionization 
zollection. The operating level of the discriminator bias is usually 
cletermined by the effect of «-activity in the fissile material. Typical 
xwalues of the operating bias level at which a high detection efficiency is 
oessible correspond to 5-20 MeV particle energy. 

The designs of several types of fission counter are described, illus- 
reting experimental applications and the use of this type of detector 
im reactor instrumentation systems. 


(1) INTRODUCTION 


The detection of high-energy ionizing particles, resulting from 
he neutron-fission process in a thin layer of fissile material on 
tthe plates of an ionization chamber, may be used in the measure- 
‘ment of fission cross-sections and neutron-flux levels. In the 
former type of measurement, very thin layers of fissile material 
lare used (0-1 mg/cm? or less), so that all fission events give rise 
sto an ionizing track (from one of the two fission fragments) with 
ia total energy dissipated greater than that due to «-particle 
remission. For relative flux measurements, greater thicknesses of 
(coating may be used (1-2 mg/cm7), in order to obtain a greater 
sensitivity to neutrons with some sacrifice of the efficiency with 
hich fissions are detected. For slow-neutron detection and 
¢maximum sensitivity, coatings of uranium 235 are used, whilst 
juranium 238 or thorium 232, which have neutron-fission 
tthresholds at about 1MeV, may be used for fast-neutron 
measurements. 

Many types and sizes of fission counters, for use in nuclear 
‘physics measurements and for reactor control applications, have 
been described in the literature.!:2_ The counters to be described 
ywere developed for measurements in reactor core assemblies and 
(for use in reactor instrumentation systems, and emphasis has 
‘been placed on ruggedness of design. The various types 
idescribed also serve to illustrate the range of application 
of fission counters, from large multiple-plate high-sensitivity 
scounters for low flux level measurements, to small counters 
(required for flux scanning with a high spatial resolution. An 
‘important characteristic of fission counters is their low sensitivity 
(te y-radiation. For example, it is possible to operate a fission 
- counter with a cathode area of the order of 100m? at y-radiation 
Jevels of 10°rads/h and still obtain discrimination between 
|meutron and y-radiation. This is to be compared with an upper 
| licnit of the order of 100 rads/h for a counter of similar size using 
then, x reaction in boron 10 (e.g. a boron-trifluoride proportional 
counter). Fission counters may therefore be the only type of 
© xtector which can be used in the measurement of low power 
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levels in small-size reactors, where it is necessary to place the 
detector near the reactor core yet not possible to provide addi- 
tional shielding from fission-product y-radiation. These detec- 
tors may also be required to operate at high temperatures. Most 
of the counters described are suitable for operation up to 200° C; 
some brief details are also given of counters being developed for 
operation at 500°C. 

In Section 2 the basic design criteria for fission counters are 
listed and discussed. This Section also includes design data 
obtained in the course of recent counter developments. Some 
specific designs and their application are described in Section 3. 


(2) GENERAL DESIGN CRITERIA 


Fission counters are generally used as electron-collection ioni- 
zation chambers in order to obtain a short response time. The 
fissile material is applied to the negative electrode only, the gas 
pressure being adjusted so that the centres of the majority of 
the ionized tracks are close to the negative electrode; the voltage 
induced on the anode due to the collection of the primary elec- 
trons thus approaches the maximum possible value. The gas 
pressure, p, and the electrode spacing, d, will also govern the 
ionization-collection efficiency and the response-time of the 
counter. Data onthe dependence of sensitivity on fissile coating 
thickness, and the effect of gas filling on pulse height, ionization- 
collection efficiency and on transit times are given below. 


(2.1) Sensitivity: Dependence on Thickness of Fissile 
Material Coating 


The two main groups of fission particles (the heavy and light 
fragments) have most probable energies of about 65 and 95 MeV, 
and corresponding ranges in air at s.t.p. of 1:9 and 2:5cm. 
These ranges are approximately the same as for a-particles of 
3-4 MeV energy. In the oxide coatings (e.g. U3;0,) used in 
fission counters, the mean estimated! range of fission fragments 
is 10mg/cm*. An approximate estimate of the fraction, F,, of 
fission fragments emerging from a flat coating of thickness ¢ is 
given by 


t 
Fe ARR 


— 


(1) 


where F, is the fraction of particles emerging with a remaining 
range equal to or greater than Rr, and Rp is the maximum range.! 
In order to detect a fission event and distinguish it from an 
a-particle emission, the energy of the fission fragment emerging 
from the coating must be greater than the maximum energy of 
the «-particles (4-5MeV). Where the total «-activity in the 
coating is high compared with the fission rate, it is necessary to 
set the discriminator bias at a level corresponding to a much 
higher particle energy, in order to distinguish between fission 
particle pulses and several «-pulses occurring within the response- 
time of the counter/amplifier system. This effect of build-up of 
a-pulses is discussed in more detail in Section 2.5. Assuming 
for the present that the remaining energy must be 10 MeV, the 
corresponding value for R; is about 4mg/cm?. Substituting 
Ry = 10mg/cm? and Rg = 4mg/cm? in eqn. (1) gives F, = 0:99 
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for t =0-12mg/cm?. Coatings of about 0-1mg/cm’, and 
preferably less, are therefore necessary for absolute measure- 
ments of neutron flux and for fission cross-section measurements. 
For relative flux measurements, greater thicknesses of coating 
are permissible; e.g. for 1 mg/cm? the detection efficiency given 
by eqn. (1) is approximately 90 %.* 

Experimental data for U,;O, coatings of 0-12, 1:0, 2:1 and 
3-2mg/cm? deposited over an area of 5cm? of the cathode of a 
parallel-plate counter are given in Figs. 1 and 2, The counting- 
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Fig. 1.—Fission-counter sensitivity: dependence on thickness of fissile 
material coating. 
Discriminator-bias curve : for 
(a) 1-Omg/cm2 cathode coating. 
(b) 2-11mg/cm?2 cathode coating. 
(c) 3:2mg/cm?2 cathode coating. 
(d) 0-12 mg/cm? cathode coating. 
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Fig. 2.—Sensitivity as a function of U3O0s coating thickness at a 
discriminator-bias level of 0-36 x 10° ion pairs or 10 MeV. 


rate/discriminator-bias measurements shown in Fig. 1 were 
made with four counters placed in turn at a fixed distance from 
a radium-beryllium source surrounded by a_ paraffin-wax 
moderator. The electrode spacing was in each case 0:3cm 
and the gas filling was argon and 2% nitrogen at a pressure of 
S5atm. With this gas filling the shape of the discriminator bias 
characteristic (i.e. the pulse-height distribution) is substantially 
independent of gas pressure and is mainly determined by absorp- 
tion effects within the fissile material coating. 

The observed increase in sensitivity with increasing thickness 
of coating is somewhat less than that predicted by eqn. (1), 
which does not take account of the spread in energy and range 
of the fission fragments. Assuming that the detection efficiency 
for the very thin coating (0-12mg/cm?) is about 99°, the 
efficiencies at 1:0 and 2:0 mg/cm? are 71 and 59%. The efficiency 


* The detection efficiency is defined here as the ratio of the observed counts to the 
total number of fission events. 


for other thicknesses of coating can be obtained from Fig. 2, 
which shows the variation of sensitivity with thickness at a | 
discriminator bias level equivalent to 10 MeV particle energy. 
At higher operating bias levels, which may be necessary to avoid lo 
« build-up effects, the graph of sensitivity as a function of coating ti 
thickness will be more sharply curved. For thicknesses greater )) 
than about 2mg/cm? there is a marked increase in the slope of hs 
the discriminator-bias curve and the increase in sensitivity is far © 
from commensurate with the increase in the amount of fissile 
material. There is thus little practical advantage to be gained in | 
the use of coatings of thickness greater ae 2mg/cm?. Similar tl 
results have been quoted by Baer and Swift.? 

The effective sensitivity of a fission counter may also be | 


For example, for multiple-plate counters of the type shown in | 
Fig. 7, which are made from steel tubes approximately 0- 05in- aX 
thick, the reduction in thermal-neutron sensitivity due to absorp- ip 
tion effects is 10-15%. 

It is convenient to refer to the pulse amplitude or the dis ti 
criminator-bias level in terms of an equivalent particle energy W,, N 
or an equivalent collected charge Q,, where Q, may be expressed © 
in coulombs or ion pairs. For an energy of W electron- it 
volts x 10° dissipated in an ionized track in argon, the number % 
of ion pairs formed is (W x 10%/28, and the total charge Q of 1 
the electrons produced is W x 5-7 x 107!> coulombs. For a ! 
parallel-plate system, the voltage pulse induced at the anode due | 
to collection of these electrons is (Q/C)(I/d), where C is the total 
capacitance at the anode, / is the mean distance travelled by 
the electrons, and d is the electrode spacing. Thus Q, = Q(I/d) 
or W, = W(i/d). If the collection time is short compared with | 
the amplifier response-time the output pulse amplitude is then 
(Q./C)A, where A is the amplifier gain for a step-function pulse. | 
In Fig. 1, and other discriminator-bias curves in the paper, the 
discriminator scale is given in units of 10° ion pairs, which is 
equivalent to a charge Q, of 1-6 x 10~!3 coulombs or a particle 
energy (in argon) of 28 MeV. The input charge sensitivity of a — 
counter and amplifier system may be measured by injecting a 
voltage pulse, V, through a small series capacitance, C,, at the 
counter anode. If C, is very small compared with the input 
capacitance C, the input charge is C,V and the pulse-generator 
output may be SMEs in terms of i ion pairs or coulombs or 
particle energy.* 

The choice of the operating level for the discriminator bias is 
determined by two considerations: the need to obtain a high | 
detection efficiency, and the need to reject pulses due to «-activity 
in the fissile material. When the total «-activity is comparable 
with the observed fission rate, it is permissible to use bias settings 
only a little higher than the maximum energy of the «-emission 
(4-5 MeV), but for higher activities the probability of two or 
more «-pulses occurring within the response-time of the system 
will increase, and higher bias settings will be necessary in order 
to reject these multiple pulses. In Fig. 1 curve (c), for example, 
which refers to a counter with an «-emission of about 10* per 
second, it is necessary to use a bias level equivalent to about 
0-19 x 10° ion pairs, or about 5-3MeV particle energy, to 
reduce the «-response to 1 count/sec. Some further examples of 
the effect of multiple «-pulses are considered in Section 2.4 on 
counter and amplifier response times. 


(2.2) Effect of Electrode Spacing and Gas Filling on Pulse 
Amplitude 
Fig. 3 shows a series of curves for counting rate as a function of 
discriminator bias for a parallel-plate counter with an electrode 
* The A.E.R.E. pulse ere type 1405 may be used over the range 0-106 ion 


pairs. A series capacitor (Cs) of 0-16 pF is used, i.e. a charge of 105 
sponds to a voltage pulse, V, of 1 volt. ; jon Pals ae 


‘ approaching constant values at lower pressures. 
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Fig. 3.—Effect of gas filling pressure on discriminator-bias curves. 


Electrode spacing = d= 0-1cm. Cathode coating: 1 mg/cmz2. 
T; = Tz = 0:08 microsec. 


Total a-emission ~ 105 per second. 
(a) Argon pressure = 4:5 atm. 
(6) Argon pressure = 7:Oatm. 
(c) Argon pressure = 10-Oatm. 


spacing of 0-1cm filled with argon and 2% nitrogen at various 
pressures. The thickness of the coating (U;O,) on the negative 
electrode was in this case 1mg/cm*. As the gas pressure is 


i sacreased, the observed pulse amplitudes increase, owing to a rise 
+n the energy expended in the ionized tracks and an increase in 


the mean distance through which the electrons move before 
collection at the anode. There is no critical optimum value of 
pd. The amplitude of the larger pulses continues to rise up to 
pd = 1-Oatm-cm, but the detection efficiency and the slope of 
the discriminator-bias curve at typical operating levels are 
The improve- 
ment in the fission count characteristics between curves (b) and 


4 (© (for pd = 0-7 and 1-0) is offset by an increased «-response. 
' It may sometimes be preferable to use a still lower value of pd, 


e.g. 0-45, as in curve (a), with some increase in the slope of the 
bias characteristic, in order to reduce the polarizing voltage 
required to achieve an adequate ionization-collection efficiency. 


(2.3) Ionization-Collection Characteristics 


In an electron-pulse counter the pulse amplitude is reduced if 
electrons recombine with positive ions or if they become attached 
to neutral molecules to form heavy slow-moving ions. Attach- 
ment of electrons to oxygen impurities is the most important 
practical effect, and Facchini and Malvicini* have shown that 
the addition of 1-2 % nitrogen to argon reduces the magnitude of 
this effect at values of E/p (ratio between electric force and gas 
pressure) likely to be used in electron-pulse counters. The 
attachment coefficient for oxygen is a function of the electron 
energy, and with ‘pure’ argon, containing traces of oxygen, the 
pulse height increases at first with increasing electric force and 
then decreases owing to an increase in the attachment coefficient. 
This resonance effect is avoided in an argon-nitrogen mixture, as 
a much higher value of E/p is required to attain electron energies 
in the resonance region. A further advantage of argon-nitrogen 
mixtures is that the electron drift velocity is considerably 
increased, thus leading to shorter transit times in the counter. 

In a pulse counter which exhibits a plateau region on its dis- 
eriminator-bias characteristic, it is not essential to achieve 100% 
1onization-collection efficiency, as a change in pulse amplitude 
due to variation in applied voltage will not produce a correspond- 
ing change in counting-rate in the plateau region. A satisfactory 
Iperating voltage can be determined by operating the counter 
with the discriminator bias level set at a point below the knee of 
he bias curve and adjusting the inter-electrode voltage until 
she counting rate is within 10% of the maximum possible at 
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this bias setting. At this voltage, V,, the counting rate in 
the plateau region will usually be within 1°% of the maximum 
value. Fig. 4 shows the variation of counting-rate with polarizing 
voltage (near 50% maximum counting-rate) for various com- 
binations of electrode spacing and gas pressure. It will be seen 
that as the spacing is increased it is possible to use greater values 
of pd for a given value of V,,. 


RELATIVE COUNTING RATE 


ie) 20 
POLARIZING VOLTAGE, kv 


Fig. 4.—Fission-counter saturation characteristics. 


Counting-rate as a function of polarizing voltage, below knee of bias curve. 
T, = Tz = 0-08 microsec. 
(a) Pressure p = 4-S5atm (argon). Electrode spacing d = 0-1cm, 
(b) Pressure p = 7-Oatm (argon). Electrode spacing d = 0-1cm, 
(c) Pressure p = 10-Oatm (argon). Electrode spacing d = 0-1cm. 
(d) Pressure p = 4:Satm (argon). Electrode spacing d = 0:2 
(e) Pressure p = 2:Oatm (argon). Electrode spacing d = 0:7 


cm. 
cm, 

The results quoted in Fig. 4 were obtained with low fission 
counting-rates, of the order of 1 count/sec per square centimetre 
of cathode area. The collection characteristics are, however, not 
markedly affected at increased counting-rates. Small-area 
counters of the type shown in Fig. 9 (coated cathode area 
= 3-6cm?) have been used at fission counting-rates of the 
order of 10° counts/sec per square centimetre of cathode. V,, is 
increased by some 10-20 °%, and the approach to 100% collection 
is slower than in the case of low counting-rates. This is pre- 
sumably due to the effects of positive-ion space charge producing 
a reduction in field strength near the anode. For most applica- 
tions of pulse-type fission counters, the fission rate per square 
centimetre of cathode will be less than 10° per second, and the 
collection characteristics can be considered to be independent of 
counting-rate. 


(2.4) Transit Times: Counter and Amplifier Response Times 


The maximum rise-time of the voltage pulse in a parallel-plate 
fission chamber is given by d/v, where v is the electron drift 
velocity. For electrons in argon and 1% nitrogen mixture, v 
increases with E/p in an approximately linear fashion to about 
2-2cm/microsec for E/p = 700 volts/em per atmosphere, and 
then tends towards a constant value.> It can be seen from the 
results quoted in Fig. 4 that the values of E/p likely to be used 
for fission counters with electrode spacings between 0-1 and 
0:7cm lie in the range 600-1400; over this range uv does not 
change appreciably and has an average value of about 
2-O0cm/microsec.* Thus the estimated pulse rise-times vary from 
about 0:05 microsec for 0:1 cm spacing, to about 0-35 microsec 
for 0-7cm spacing. 

The relative voltage amplitude of fission pulses for counters 
with 0-1 and 0-:2cm spacings, when used with an A.E.R.E. 
type 1049C amplifier, with various settings of the differentiating 
and integrating time-constants (J; and JT), are shown in the full- 
line curves of Fig. 5. The relative amplitudes shown here were 
obtained from the discriminator bias settings required to give 
half-maximum counting-rate. 


* This is some five times the value of v in pure argon for the same value of Elp. 

+ The type 1049C pulse amplifier consists of a head amplifier unit with a gain of 
about 100 and a main amplifier with a maximum gain of about 104. The main unit 
is provided with attenuator controls covering a range 1-100 (40dB) and with controls 
for adjusting RC-type differentiating and integrating time-constants. 
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Fig. 5.—Effect of differentiating and integrating time-constants, T; 
and 7>, on amplitude of fission-counter pulses. 


Counters with 0:1 and 0:2cm electrode spacing. 
--—-—-— Counter with 0:7cm electrode spacing. 


The effect of amplifier time-constants on pulse amplitude and 
pulse shape, when the input signal is a step function with a 
uniform rate of rise (as in parallel-plate electron-collection pulse 
counters), has been considered in detail by Gillespie. It can be 
shown that with input rise-times which are smaller than or com- 
parable with the amplifier integrating time-constant, the output 
pulse amplitude and shape are practically the same as for an 
infinitely short rise-time. When a pulse-generator signal with a 
rise-time of 0-1 microsec was injected into the input circuit of 
the type 1049C amplifier used for the fission counter experi- 
ments, curves identical to those of Fig. 5 were obtained, showing 
that the rise-times for 0-1 and 0-2cm spacings are of the order 
of 0-1 microsec. The curve obtained for T, = 0:08 microsec 
with a 0-7cm spacing fission counter (the dotted curve of Fig. 5) 
showed a slightly greater reduction in pulse height with decreasing 
values of 7;, indicating a higher value for the rise-time of this 
counter. 

The theoretical estimate for the reduction in amplitude at 
T,; = T, (for an input step-function of rise-time T< T)) is 
1/e = 0-37. Fig. 5 shows reductions to 0:22, 0:26 and 0-34 
for values of 7; = T, of 0-O8microsec, 0:16microsec and 
0-32microsec. Two factors contribute to this effect. At low 
settings of the T, control, there is some attenuation of signal 
because of stray capacitance across the resistor in the RC circuit. 
At the lower settings of the integrating time-constant control the 
effective value of T, is also governed by other circuit parameters 
controlling the upper limit of the amplifier frequency response. 

The resolving time T, of the system, i.e. the period after one 
pulse has triggered the discriminator before the signal amplitude 
has fallen below the triggering level and a second pulse may be 
registered, is governed by the rise-time of the counter, T, and by 
T, and 7. Gillespie has shown that, for the case of exponential 
time-constants in the amplifier, 7, is given by 


Vo 


Te = 
r Ve 


qT; (2) 
where V,,, is the measured voltage amplitude and Vp is the maxi- 
mum observable amplitude, i.e. with T; > T). 

Although this expression will not apply strictly to the practical 
case of a counter producing pulses with a wide distribution in 
amplitude or for effects in the amplifier due to stray capacitance, 
etc., it is still a useful guide in determining the optimum settings 
of T; and T,. Thus, when a short resolving time is required, T> 


the counter, as this ensures the minimum value of Vo/V,, for 
any subsequent setting of 7;. 7, should then be set to give the 
best compromise between the values of T, and V,,. When 7; Is 
comparable with T>, J, does not change rapidly as T, is varied, 
and it is often preferable to use values of 7, equal to 2 or 3 times 
T, and obtain an increased output pulse at the expense of a 
slight increase in resolving time. Using eqn. (2) and the results 
of Fig. 5 (curve for T, = 0-08 microsec), T, = 0:33 microsec at 
T, =0-O08microsec and is increased to 0-43 microsec at Tj 
—0-16microsec. The increase in resolving time is some 30%, 
but the corresponding increase in pulse amplitude is 60%. This 
point is illustrated further in the next Section in relation to the 
a build-up effect. 


(2.5) High a&-Activity and High Fission Counting-Rates 


One of the limitations to the amount of fissile material which 


may be used in a counter is the total «-particle emission from the 
coating. The probability P,, that n «emissions may occur within 
the resolving time 7, is given by 


Pi OT) a, : 
n! 


where A is the rate of emission of «-particles. 


second. Thus, for J, = }microsec and A = 3 x 10° per second, 
AT, = 1 and P,;= 1/@'s)..” For n= 10, Pi Ta sie Olevenm 
will occur within the resolving time at a rate of 3 per second. 
The equivalent bias level at which 3 counts/sec will be observed 


will then be 10 times the average amplitude of the individual | 


a-pulses. 

An example of a large « build-up effect is found in the large- 
area counter shown in Fig. 7. The total «-emission, with 
1500cm? of cathode area coated with U,O, highly enriched in 
uranium 235 at a thickness of 2mg/cm?, is of the order of 


3 x 10° per second. Fig. 8 shows the counting-rate due to } 


a-activity as a function of discriminator bias level, and it will be 
seen that a discriminator level equivalent to 4-5 x 10° ion pairs 
(=13 MeV particle energy) is required in order to reduce the 
counting-rate to 3 per second. On the basis of the simple theory 
outlined above, which for this case gives 10 «-emissions per 
resolving time, the average a-energy per pulse is thus 1-3 MeV. 
This is a reasonable figure for a 2mg/cm? coating. 

The effect on the « build-up in this counter of different com- 


binations of 7; and 7, in a type 1049C amplifier, is shown in | 


Table 1. Values for the discriminator level, at which the a- 
response is reduced to 1 count/sec, are given in ion pairs. 


Table 1 


MAGNITUDE OF & BUILD-UP (EQUIVALENT ION PArRS) FOR A 
COUNTING RATE OF 1 PER SECOND AND A TOTAL « EMISSION 
OF 3 X 10° PER SECOND 


Differentiating time-constant, T; 


Integrating 
time-constant, 
T2 microsec 
0-08 


microsec microsec 
0:16 0-32 


microsec 


0:08 
0:16 


4:9 x 105 5-8 x 105 
(1-0) GGA) (2:5) 


0:32 7-2 x 105 


(1-5) 


@) 


Multiple pulses of 
n unresolved events will then occur at the rate of P,/T, per | 
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‘Although the « build-up effect has its least value at the shortest 
e-constant settings (T; = T, = 0-08 microsec), this is only 
nieved at the expense of a reduction in output signal voltage. 
\e relative signal amplitudes are shown in parentheses in Table il 
-h an arbitrary value of 1-0 for T, = T, = 0-08 microsec. The 
al amplitude may be increased by a factor of 2-5 (with 
= 0-32microsec and 7, = 0-08 microsec) for an increase in 
build-up of only 20%. There is clearly no virtue in using 
sher values of integrating time-constant. 

he percentage counting losses due to coincidence of fission 
ises during the resolving time is given approximately by 
nT, where 7 is the mean counting-rate. With the amplifier 
1e-constants set at T, = T, = 0-08 microsec, and a counter 
ise rise-time of the same order of magnitude, T, ~ 4 microsec, 
110% counting losses should therefore occur for 7 = 3 x 105 
+ second. This is in agreement with experimental results 
tained using two counters with sensitivities differing by a 
tor of 100 and moving them together into a region of increasing 
atron flux. The more sensitive counter exhibits counting 
ses of about 10% at 3 x 10° counts/sec. 
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baking operations. The amount deposited on an electrode may 
be assessed by weighing, but it is usually necessary to pre-bake 
the electrode until it attains constant weight. Alternatively, a 
given amount of material may be dispensed and used up com- 
pletely on an electrode assembly. In this case it is necessary to 
ensure that no appreciable amount of material is retained in 
brushes or on the walls of containers. When stainless steel is 
used as the electrode material the baking process may be carried 
out in air, as the weight of oxide formed is negligible (compared 
with 1 mg/cm?) and it is in any case a hard adherent film. When 
aluminium is used as the electrode, it is preferable to use an inert 
gas in the baking oven to avoid formation of oxide films. Similar 
methods have been used for preparing other electrode coatings 
such as plutonium 239, uranium 233 and 238 and thorium 232. 


(3.1) Medium-Size Multiple-Plate Fission Counter 


Fig. 6 shows the cross-section of a multiple-plate chamber with 
coaxial cylindrical electrodes with a 0-1cm spacing, and a total 
cathode area of 165cm? (A.E.R.E. type B165 counter). The 
length of the coated area is 2in and the electrode assembly is 


— 


B Anode. 


D Nimonic springs. 


3 (3) EXAMPLES OF FISSION-COUNTER DESIGNS AND 
THEIR APPLICATIONS 
\Uranium coatings with various degrees of enrichment in 
nium 235 are used for slow neutron-flux measurement, as 
's type of material has a high fission cross-section coupled with 
‘low specific «-activity. The electrodes may be coated by 
pans of successive applications of a solution of uranyl nitrate 
_ alcohol and acetone. The method has been generally 
scribed in the literature! and will only be outlined here. A 
sical solution concentration for coatings of 1mg/cm? is 
‘mg/ml of uranium with 2-3% by weight of nitro-cellulose 
-quer (e.g. Zapon). The solution is painted on to the electrode 
ing a brush or felt pad and is allowed to dry at room tem- 
reture. The electrode is then baked for about 15min at 
® C; the Zapon binding agent is burnt off and the uranyl 
rete is reduced to the oxide U30g, which remains as a tough 
herent film. The maximum amount of material which may 
applied per coating in this way is about 0-1 mg/cm’. 
t«mpts to increase this by the use of more concentrated solu- 
i. or applying more solution per coating usually lead to the 
rtiaation of non-adherent layers. The total required thickness 
£ up to 1 or 2mg/cm?) is obtained by successive painting and 


C Quartz insulators. 


Fig. 6.—Multiple-plate fission counter type B165. 
Coatable cathode area = 165cm?. 
A Coated cathode tubes. 


Electrode spacing = 0-1cm. 


E Fixing nut for anode/cathode assembly. 


contained within a cylindrical envelope of 1-2in diameter. The 
electrodes and outer tube are all made from stainless steel of wall 
thickness 0:02in. Five of the cathode surfaces may be coated 
(the inside and outside of two cylinders and the inside surface 
of the outer one) giving a total area of 165cm?. After the coating 
process the cathode and anode coaxial cylinders are fitted together 
as a complete assembly, the various parts being located with 
respect to one another by means of grooves in the surface of the 
quartz insulators. A Nimonic-alloy spring D is used under the 
fixing nut E to take up any relative expansions which may occur 
during outgassing processes or operation of the counter at high 
temperatures. The assembly of the outer envelope is completed 
except for the welding of the bottom end-cap; the electrode 
assembly is then fitted into the envelope, the anode-lead wire 
being threaded through the central tube of the glass/metal (or 
ceramic/metal) seal. The remaining operations before pumping 
and filling are then limited to the welding of the end-cap and the 
brazing of the anode wire to the central tube of the glass/metal 
seal. It is desirable to arrange the design of fission counters so 
that final assembly operations are as simple as possible, since in 
cases where the coating has a high specific «-activity it is necessary 
to do the whole of this work under dry-box conditions. The 
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Fig. 7.—High-sensitivity fission counter. 


Coatable cathode area = 1500 cm?. 


A Coated cathode tube. ° 
B Coated cathode tube. 


C Anode. 


D Quartz insulators. 
E Ceramic/metal seal. 


counter may be fitted with a concentric air-spaced lead, to provide 
a low-capacitance connection to a pulse amplifier. 

The type B165 counter and a smaller counter of similar design 
(type A35, cathode area 35cm?) have been extensively used, with 
a variety of fissile material coatings, for neutron-flux measure- 
ments in experimental reactor core assemblies. The B165 is 
used with a I1mg/cm? coating of U3;0,, highly enriched in 
uranium 235, in the low-power-level control instrumentation of 
the Lido light-water reactor at the A.E.R.E. The sensitivity 
for thermal neutrons for a fission counter with this coating is 
about 0-12 counts/sec per unit neutron flux, and it is suitable for 
flux measurements up to about 10° neutrons/cm?/sec. When 
used with short amplifier time-constants (T; = T> = 0-08 microsec) 
the response to y-radiation levels of 3 x 10*rads/h is still small 
compared with the «-response level, and this size of counter 
could still be used to discriminate between neutron flux and 
y-radiation at considerably higher y dose-rates. 


(3.2) Large-Area High-Sensitivity Fission Counter 

The fission counter shown in Fig. 7 has been designed for use 
in a reactor control-instrumentation system for neutron-flux level 
indication and for operation of a reactor-period meter over the 
range 25-10° neutrons/cm?/sec. A 2mg/cm? coating of U;O, 
(highly enriched in uranium 235) is used over an area of 1 500cm? 
to give a thermal-neutron sensitivity of about 1-7 counts/sec per 
unit flux. The coating extends over three of the cylindrical- 
cathode surfaces, the inner of tube A and both surfaces of 
tube B. The method of assembly is similar to that described 
for the type B165 counter, the cathode and anode electrodes 
being fixed together before assembly inside the main envelope. 
The counter is constructed from stainless steel, the wall thickness 
of the electrode tubes and the outer case being 0-05 in. 

The discriminator-bias curve for neutron fission and for the 
a-particle emission from the coating are shown in Fig. 8. The 
operating bias level must be greater than about 5-5 x 105 ion 
pairs (15 MeV) in order to operate at low neutron counting rates 
and obtain discrimination from the «-particle response. This is 
approaching a practical upper limit of operating bias for a 
counter with a 2mg/cm? coating. The slope of the discriminator- 
bias curve at this point is about 2-5% for a 10% change in bias 
level and is increasing rapidly with increasing bias. 

The application for which the counter was designed provides 
an example of the limitations of total capacitance and the com- 
promises in design which are necessary in order to achieve a 
given sensitivity. A typical figure for valve noise in a pulse 
amplifier with time-constants T,; and T, set at 0:08 microsec is 
20puV. (This refers to the equivalent input discriminator-bias 


Electrode spacing = 0:7cm. 
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Fig. 8.—Fission and «-bias curves for high-sensitivity counter | 
of Fig. 7. 


Gas filling, argon + 2% nitrogen at 2 atm. 
Total « emission ~ 3 x 106 per second. 
T, = Tz = 0-08 microsec. 


level at which a counting rate of a few counts per second will t 
observed.) In a control-instrumentation system it is desirab’ 
to set the input discriminator level at some 10 times this valv) 
in order to minimize other sources of spurious pulses (e.g. due 
electrical interference); in the case under discussion a furthi 
reason for using a high input level of discrimination is that th 
peak amplitude of valve noise pulses should be small compare 
with the magnitude of the « build-up. Thus, if an equivalei 
particle energy of 15 MeV (=5°-5 x 10° ion pairs or 8-2 x 107 
coulombs) is to produce a voltage pulse greater than 200) 
the maximum permissible value for the input capacitance 
400pF. In the reactor application, the capacitance of the cor 
necting leads to the pulse amplifier is about 200pF, leaving 
maximum permissible counter capacitance of 200pF. The sens 
tivity requirement (1-5-2 counts/sec per unit neutron flux) mac 
it necessary to use some 3g of uranium 235. With a coatin 
thickness of 1 mg/cm? the area of coating would then be 3 000 cr 
and an electrode spacing of about 1-2cm would be required t 
limit the capacitance to 200pF. Because of overall-size limite 
tions a coating thickness of 2mg/cm? was chosen, with a coate 
area of 1 500cm? and an electrode spacing of 0-7cm. 


3.3) Small Fission Counter for Flux-Scanning Applications 


An example of a small fission counter for the measurement of 
« distribution with a high spatial resolution is shown in Fig. 9. 
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Fig. 9.—Small-size flux-scanning counter. 
Diameter 1/4in approx. 


A Coated cathode tube. 

B Glass/metal seal. 

C Anode. 

D Extension tube connecting to flexible cable. 


jis counter was developed to enable flux measurements to be 
-de along a 4in diameter pipe attached to fuel elements of 
_ type used in the Dido heavy-water reactor. The outside 
meter and the overall length of the counter envelope were 
sen so as to allow the counter and its cable connector to be 
ssed along bends in the pipe of 25in radius. The outer case 
the counter and the anode are made from Nilo-K* tubing 
Ctin thick) so that an internal glass/metal seal, B, can be 
ice between these two components. The fissile material 
ating is applied to a separate cathode liner, A. After fitting 
is liner and the rounded end-cap, the counter is evacuated 
‘d then filled with the argon-nitrogen mixture, through the 
code tube C, which is then crimped and sealed. The polythene- 
‘ulated connector lead is secured to the counter body by 
‘ming a rolled groove in the tube D, which compresses the 
ter braided conductor of the cable into the polythene core. 
fe soldered joint between the centre conductor of the cable 
i the counter anode lead is made using a small soldering bit 
ik oe a hole in D. The inside of D is then filled with poly- 
ene by injection through this hole. 

‘The cathode liner may be coated over a length of up to 2:5cm, 
ving a maximum coated area of 3:6cm*. When coated with 
Ken highly enriched in uranium 235 (93%) at a thickness of 
vag/cm2, the sensitivity to thermal neutrons is approximately 
x 10-3 counts/sec per unit flux. For an upper limit of 
junting-rate of 3 x 10° counts/sec, the corresponding upper 
nit of flux is then 108 neutrons/cm?/sec. A number of these 
iunters have been used with this sensitivity, and also with a 


ABSON, SALMON AND PYRAH: THE DESIGN, PERFORMANCE AND USE OF FISSION COUNTERS 355 


8 


CURVE (a) x104 
CURVE (6) x 10° 


COUNTING RATE, COUNTS /SEC 


a 0-2 04 0-6 O68 xe) 
ION PAIRS (m28 eV. PARTICLE ENERGY) x10 


Fig. 10.—Discriminator-bias curves for tin diameter fission counter. 


Gas filling, argon + 2% nitrogen at 4:Satm. 
(a) 1mg/cm? U20s. 
(6) Approximately 0-01 mg/cm? U3Os. 


cathode, when a gas filling pressure of 4-Satm is used. Fission 
particles with a small angle of emergence from the cylindrical- 
cathode surface will strike the cathode before dissipating the 
whole of their energy in the gas. The effect is more marked 
for the 1mg/cm? coating, as a greater proportion of particles 
emerging at a small angle to the cathode will have dissipated an 
appreciable energy in the coating and will have a significantly 
lower specific ionization. This accounts for the larger slope 
on the bias curve for a 1 mg/cm? coating in the +in counter 
compared with the larger-diameter or flat-plate type of counter. 
The slope can be reduced by using a higher pressure for the gas 
filling, but this leads to an inconveniently high polarizing voltage. 
With the small clearances in the cable connections to this counter, 
the lowest possible voltage operation is required. With 4-Satm 
filling it can be operated satisfactorily at about 500 volts, and is 
free from spurious pulses. 


(3.4) High-Temperature Operation of Fission Counters 


Fission- counters of the type shown in Fig. 6 and using 
glass/metal seals have been operated satisfactorily at tempera- 
tures up to 200°C. Above this temperature ionic conduction 


0-4 in 


Fig. 11.—Coaxial-tube fission counter with ceramic/metal insulator support and seal. 
A Coated cathode tube. B Anode. C Ceramic/metal seal. D Ceramic spacer. 


duced weight of fissile material, to reduce the sensitivity by a 
vor of about 100, so that they may be used for flux measure- 
2s up to 10!° neutrons/cm?/sec. 
Fig. 10 shows typical counting-rate/discriminator-bias curves 
r this type of counter for U3O, coatings of 1mg/cm? and 
eroximately 10-2mg/cm?. The improved bias characteristics 
ined with the thin coating are due to the reduced absorption 
?ssion-particle energy within the coating. The pulse-height 
st ibution in this counter is affected by the curvature of the 


* An alloy of nickel, cobalt and iron. 


processes begin to occur in the glass, and this gives rise to 
spurious pulses. 

Ceramic/metal seals using Nilo-K tubing sealed to alumina 
have been tested to 500°C and found to be free from spurious 
pulses with applied voltages of 1500 volts. When correctly 
assembled into a counter body (it is important to avoid thermal 
shocks at the ceramic/metal bond) they also provide a vacuum- 
tight seal at 500°C. Fig. 11 shows a single coaxial-line design 
of counter, using ceramic/metal seals, which is being developed 
for high-temperature operation. The type shown is 0-4in 


356 


diameter, but the design is suitable for other sizes. The anode 
is completely supported by the ceramic/metal seal and this leads 
to a simple, robust and rigid design. The extension lead to the 
counter is a rigid coaxial line with ceramic spacers between the 
inner and outer conductors. 


(4) D.C. OPERATION OF FISSION CHAMBERS 


Fission chambers of the type shown in Fig. 6 and 7, coated 
with uranium 235, have been used as d.c. ionization chambers. 
The mean current collected in the large chamber of Fig. 7 (with 
a total U;O, coating of nearly 3g) is 3-4 x 10-7amp for a 
flux of 10° neutrons/cm?/sec. The current due to the «-activity 
of the coating is in this case 4 x 10-8 amp, i.e. equivalent to a 
thermal-neutron flux of about 105 neutrons/cm?/sec. An 
intrinsic advantage of using uranium 235 as an electrode coating 
in d.c. ionization chambers instead of boron 10, is that the 
sensitivity for a given neutron-absorption cross-section may be 
increased by a factor of about 60 (this being the ratio between 
the fission-particle energy and the energy of the ionizing particles 
in the n, « reaction with boron 10). For the measurement of 
neutron flux in or near the core of small critical assemblies, it is 
often necessary to limit the total neutron absorption of the 
detector to a few per cent to avoid undue depression of the flux 
at the point of measurement. Aves ef al.7 have described a 
large-area d.c. fission chamber, containing 8g of uranium 235, 
used for the measurement of perturbations in neutron flux in 
oscillator experiments with the Zeus fast reactor; a current 
of about 1A was obtained at a thermal-neutron flux of 
106 neutron/cm2/sec. 

The lower limit of neutron-flux measurement will be governed 
by the fluctuations in the measured current due to «-activity; 
these variations will be due partly to statistical fluctuations and 
partly to instrumental instability, and will depend on the detailed 
design of the system. The upper limit of neutron flux will be 
governed by the ionization-collection efficiency. In d.c. ioniza- 
tion chambers the requirements for collection efficiency are more 
stringent than in a pulse-type fission counter. In the pulse 
counter, a recombination loss of 10% or more may only affect 
the sensitivity at the operating bias level by a fraction of 1% 
(the effect will depend on the slope of the bias curve). For a d.c. 
ionization chamber the response is directly proportional to the 
collection efficiency. By using lower gas pressures than are 
required for satisfactory pulse-operation, the ionization-collection 
characteristics can be markedly improved at the expense of some 
reduction in Sensitivity. Table 2 gives some results for a 0-3cm 
electrode spacing and 80cm Hg pressure of argon and a U3;O, 
coating of 0-1mg/cm?. The sensitivity is about 20° of the 
maximum possible (with a sufficiently high gas pressure to 
dissipate all the fission particle energy within the gas), but with 


Table 2 


D.C. SATURATION CHARACTERISTICS, FOR COUNTER WITH CATHODE 
CoaTING OF U303 (93% URANIUM 235) aT 0:1 MG/cm2 


Area of Coating = 125cm?, Electrode Spacing = 0-3cm 
Argon Pressure = 80cm Hg 


Total ionization | Thermal-neutron 


Voltage for 99% 
current flux 


collection 


neutrons/cm2/sec 
Shoek 56 TIME 
1-4 x 109 
1-5 x 1010 

8:3 x 1010 


volts 


150 
170 
250 
400 


Current due to «-activity = 2-5 x 10-1lamp 
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this reduction in sensitivity it is possible to obtain 99% collectic) 
efficiency in fluxes of the order of 10!! neutrons/cm?/sec with ) 
convenient value of polarizing voltage (~ 500 volts). 


(5) CONCLUSIONS 


Fission counters have applications in the measurement | 
fission cross-sections, in the analysis of neutron spectra, and [ 
the relative measurements of neutron flux, e.g. in reactor powe)) 
level instrumentation. The general design criteria applicable ) 
all these cases have been summarized in Section 2. The me 
materials used for the first two cases will depend on the particul } 
application and use of the counter. For neutron-flux monitorin 
uranium 235 is almost invariably used, as this gives the may 
mum sensitivity and a low «-activity for a given weight of coatit 
material. For these more general uses it is of interest to compay 
the fission counter with other neutron detectors, e.g. boro: 
trifluoride proportional counters. A much higher therme: 
neutron sensitivity can be achieved for a given size of count 
using boron as the detector (the increase may be one to tw 
orders of magnitude), but the discrimination against a high lev 
of y-radiation is much less effective. Thus, with a cathode ar 
of 100cm? a fission counter may still be used in a y-radiatic: 
dose-rate of 10°rads/h; the corresponding limit for a BI] 
proportional counter is only a few hundred rads per hour. 
This property of discrimination against y-radiation is the ou 
standing characteristic of the fission counter and often makes / 
the only type of detector suitable for low-level power control : 
small-size reactors, where it is necessary to place the detector + 
or near the core. In future reactor systems these conditions w: 
be associated with high temperatures, and again the fissic 
counter may be the only detector suitable. A further advantag 
of the fission counter in instrumentation systems is its lor 
counting-life. There is at present no evidence of any deteriori 
tion in characteristics comparable with that observed in BF 
counters due to dissociation of the counting gas, and fissio 
counters of the size of the B165 (Fig. 1) have been operated fc 
some 1-5 x 10!? counts with no change in counting characteristic 
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SUMMARY 


‘The design and manufacture of a variety of types of boron-trifluoride 
yeportional counter used by the U.K.A.E.A. are described. One 
sic design and method of assembly is used for the manufacture of 
vunters of sizes ranging from 4in diameter and a few inches long to 
n diameter and several feet long. The technique of manufacture is 
itable for large-scale production, and consistently good electrical 
iaracteristics can be obtained. 

- Details are given of the operating characteristics of a wide range of 
sunters, and the effect of circuit parameters on the output pulse ampli- 
ide is discussed. Measurements of the y-response of medium-size 
»unters show that they can be used to discriminate between neutrons 
nd y-radiation at y dose-rates of 100-200 rads/h. 

{ The counters can be used for long periods at temperatures up to 
))0° C without significant deterioration in characteristics. The count- 
ag life is found to be a function of counter size and of gas multiplica- 
ion, and is probably limited by dissociation of BF3 and the formation 
© electron-capturing dissociation products. A typical medium-size 
»unter, e.g. 1 in diameter by 6in long, can be used for 1011 counts at a 
s-multiplication factor, M, of 10, before significant deterioration of 
ie counting characteristics occurs. 

| Some applications of BF3 proportional counters, such as in reactor 
ustrumentation, and the use of large counter arrays in nuclear physics 
speriments, are discussed briefly. 


() INTRODUCTION 


' Boron-trifluoride proportional counters have a wide application 
‘1 the detection of neutrons in the thermal and epithermal energy 
“gion. These applications range from the use of multiple arrays 
f large counters to provide a high-efficiency detector, e.g. in 
‘eutron time-of-flight spectrometers, to the use of very small 
‘ngle counters for flux-distribution measurements, e.g. in experi- 
nents on reactor core assemblies and in reactor instrumentation 
ystems. 

_ The ionized track produced by the 3Li and $He nuclei, which 
esult from the n, « reaction with boron 10, has a length of about 
-5cm in BF; gas at s.t.p., and the total energy dissipated is 
‘bout 2-4 MeV (2-85 MeV in 7% of the reactions). Thus, for 
ounters with an effective path length comparable with or greater 
nan this range, all n, « events give rise to a primary ionization 
onsiderably greater than that arising from y interactions, and a 
ood neutron/gamma discrimination is possible. Some degree 
f gas multiplication is necessary in most practical applications 
1 order to produce a good signal/amplifier-noise ratio. In order 
9 obtain stable operation as a proportional counter and to 
'btain a good pulse-height distribution, the BF; gas in the 
ounter must be free from electron-capturing impurities; the 
weparation of pure BF; gas and the maintenance of counter 
haracteristics over a long period of time present the main 
ficulties in the design and manufacture of these counters. 
‘be main electron-capturing impurities are oxygen and water 
2vour, and it is particularly important to remove water vapour 
r©m both the filling gas and the internal walls of the counter, 
‘ive BF; reacts with water to form HF. This will in turn react 
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with silica in the glass seal to produce silicon tetrafluoride and 
water, and the process leads to a gradual deterioration of the 
counter characteristics. 

In previous designs of counters! made from brass tubing and 
turned-brass end-fittings considerable difficulties were encoun- 
tered in obtaining and maintaining satisfactory vacuum qualities, 
owing to porosity and age-cracking. Although these defects 
couid be overcome by tinning the outer surfaces with a low- 
melting-point solder, this process imposed an upper limit of 
about 100°C on the subsequent outgassing temperatures and 
long pumping periods were required. A period of ageing with 
a temporary filling of BF3, before the final filling of the counter, 
was found to improve the shelf life of the counters. For high- 
pressure counters, ageing periods of up to three months have 
been found necessary.? 

One of the aims in the new developments to be described was 
to produce a design of counter with a good shelf-life, which 
could be manufactured without long periods of ageing. This 
has been achieved by a design of counter body which can be 
outgassed at a temperature of 400°C. Large numbers of counters 
of a variety of sizes are required, and the new design has been 
adapted to the manufacture of cylindrical counters ranging in 
size from 4in diameter and a few inches long to 2in diameter 
and several feet long. Neutron absorption in the walls of the 
counter is kept to a minimum, consistent with strength, by the 
use of thin-walled copper tubing and thin end-discs. The central 
anode wire, which is spring-loaded, is supported by a quartz disc 
atone end of the counter and by a glass/metal seal at the other 
end, which also provides the connection to the anode. This 
construction facilitates large-scale production, as simple stamp- 
ing and rolling operations can be used for the manufacture of 
piece parts and the location of the quartz insulators in the cathode 
tubing. A high-grade oxygen-free high-conductivity copper is 
used to obtain an envelope with good vacuum properties. The 
internal copper surface is also an excellent getter for any remain- 
ing oxygen impurities in the filling gas. R.F. eddy-current 
heating techniques are used for all brazing operations, forming- 
gas being used to enable these joints to be made without the use 
of fluxes and to avoid oxidation on the internal walls of the 
counter. Experience in the manufacture of these counters has 
shown that it is possible to obtain consistent and reproducible 
characteristics with low reject rates and a long shelf-life. It is 
also found that the performance of counters at elevated tem- 
peratures is considerably improved as a result of the higher out- 
gassing temperatures used. 

The discriminator-bias/counting-rate characteristics depend on 
counter dimensions and on gas pressure, the larger counters 
showing a longer plateau region owing to reduced effects of 
absorption of the primary particle energy in the cathode wall. 
Details of the electrical characteristics, counting life and tem- 
perature effects are given in Sections 4,5 and 6. The sensitivities 
of the counters described cover a wide range, from about 
0:06 counts/sec per unit thermal-neutron flux for short 4in 
diameter counters, to 200 counts/sec for long high-pressure 
counters of 2in diameter. Some of the applications of these 
counters are discussed in Section 7. 
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Fig. 1.—General construction of 1 in cathode-diameter BF3 proportional counter. 
Anode diameter = 0-002 in. 
Counter body is constructed of high-conductivity oxygen-free copper. 


A Hard-soldered at these four points using silver/copper eutectic solder of melting point 778°C. 
B Swages rolled into body for location of end-caps and for locking quartz disc. 


C Quartz disc. P 

D Tube for end termination, spring-loaded. 
E Inconel coil spring. 

F Tungsten or Inconel wire anode. 

G Spot weld to anode wire. 

H Guard-ring electrode. 

T Glass/metal seal. 

J O-ring seal. 


K Screwed end-cap of appropriate length, fitted with optional end termination, provides air-tight joint 


when screwed into counter body. 
L Nickel wire. 


(2) DESIGN AND CONSTRUCTION 


Fig. 1 shows the general construction of a counter of lin 
diameter; a similar construction is used for those of 4in and 
2in diameters. The design allows for any of these counters to 
be made to any desired length, although a preferred range of 
lengths has been adopted (see Table 3). Similar processes are 
used for the fabrication and assembly of all types of counter. 
The main cathode tube is cut to length and a number of the 
rolling operations, including the thread at the glass-seal end of 
the counter, are completed. The tube is chemically cleaned and 
the glass/metal seal end-assembly is brazed in position. The 
quartz-disc insulator is then fixed in position between grooves 
formed by a swaging tool. The anode wire assembly is next 
introduced, prior to the fixing and brazing of the end-disc. All 
joints are made using copper/silver eutectic solder with eddy- 
current heating in an atmosphere of forming gas (70% nitrogen 
and 30% hydrogen). This ensures that all metal parts are kept 
free from oxidation during heating and joints can be made without 
the use of flux. An Inconel coil spring [(e) in Fig. 1] is used to 
hold the anode wire in tension and to allow for relative expansion 
of the counter body and anode wire during high-temperature out- 
gassing operations before the final gas-filling. 

Prior to assembly all metal parts are degreased in acetone, 
cleaned by an acid dip, and finally washed in hot water and in 
alcohol. A similar process is used for cleaning the quartz discs. 

The anode wire diameters used in the tin, 1 in and 2in diameter 
counters are 0-001 in, 0-002 in and 0-004 in, respectively. These 
have been chosen as a practical compromise between efficiency 
of collection of the primary ionization and gas multiplicaton for 
a given applied anode voltage. Higher voltages are required 
with larger diameters or higher gas pressures for a given gas 
multiplication, and guard-ring seals are fitted in these cases so as 
to reduce spurious pulses from insulator breakdown. Fig. 1 
shows a guard-ring seal for a 1in diameter counter. 

In order to minimize neutron absorption in the counter walls, 
these are made as thin as possible consistent with strength. The 
wall thicknesses used for the $in, 1 in and 2in copper tubing are 
0-015in, 0:020in and 0-025in,* respectively. In the case of 
very long 2in diameter counters it is necessary to support the 
outside of the tube at 1 ft intervals with close-fitting metal collars 
to avoid the tube collapsing during outgassing at 400°C. A 
domed end construction is used in 2in diameter counters, in 
place of the flat end-disc shown in Fig. 1, in order to minimize 
the volume of BF; gas in the non-sensitive part of the counter 
behind the quartz insulating disc. 


.* For a 2in diameter counter with a copper wall of 0:025in thickness and filled 
with B!0F; at 70cmHg, the neutron-absorption cross-section of the wall is about 
15% of that of B19, 
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Extension tubes and end adaptors may be screwed in to th 
rolled thread at the end of the counter tube. The threads ar 
rolled inwards so that no part of the counter or extension tub’ 
need exceed the cathode tube diameter. A rubber washe- 
(J in Fig. 1) may be used to provide an air-tight and water-tigh | 
seal to the adaptor. 


(3) GAS PREPARATION AND PURIFICATION: COUNTER | 
FILLING PROCEDURE 

Boron trifluoride gas for counter filling is generated from ¢| 
boron-trifluoride/calcium-fluoride complex (CaF.2BF;3). Thi 
complex is a white powder, prepared by heating calcium fluoride 
in a solution of BF; in ether, and distilling off the ether. Details 
of the method of preparation of the complex and the subsequent 
preparation of pure BF; gas have been described elsewhere.!* 
Briefly, the method consists in generating BF; from the complex 
by heating at 250°C, having first of all outgassed the complex 
thoroughly by prolonged heating and pumping at 200°C. As 
the gas is generated it is passed through cold traps, kept at a 
temperature of —80°C with a sludge mixture of solid CO, and 
tri-chloro-ethylene, to remove water vapour and other impurities. 
One of the traps contains sodium fluoride to remove hydrofluoric 
acid. The BF; gas is then frozen in a further trap surrounded 
by liquid nitrogen. After a suitable quantity of solid BF; has 
been produced, the liquid-nitrogen trap is closed off from the 
generating system. This trap is then allowed to warm up and 
the gas is transferred to glass storage vessels which have previously 
been outgassed. The storage vessels are connected to a multi- 
way glass manifold to which the counters are connected by means 
of the glass filling stems on the glass/metal seals. The counters 
are continuously evacuated and baked at a temperature of 400°C 
for three hours, after which they are filled with BF, at about 
atmospheric pressure from a subsidiary storage vessel. This gas 
is not the final filling gas but is used as a temporary filling for a 
few hours to ‘soak’ the counter bodies and to react with any 
remaining impurities in the counter envelope. This gas is 
removed and the counters are pumped out to a hard vacuum at 
room temperature. BF, gas from the storage vessels is then 
frozen into a trap connected by a mercury cut-off valve to the 
filling manifold. The frozen BF; is allowed to warm up until 
the counters are filled to a pressure slightly less than atmospheric. 
and the trap is then cooled again to reduce the pressure by 2 
factor of 2 or 3. This process is carried out quickly at least 
three times, in order to enable all the gas to come into contact 
with the cold trap but without completely freezing it again: 
remaining impurities with a higher freezing point may thus be 
removed. The gas pressure is finally allowed to rise to the 


iquired filling pressure and the mercury cut-off valve is closed. 
“ach counter is then sealed and removed from the filling manifold 
7 heating and drawing off the glass filling stem. 


(4) ELECTRICAL CHARACTERISTICS 


The kinetic energy of the ionizing particles resulting from the 
: @ reaction with boron 10 is 2:4 MeV (2:85 MeV in 7% of 
\e reactions). The maximum pulse-amplitude available from an 
rent in which the whole of the particle energy is dissipated in 
ie gas is given approximately by 


M 
— xX 10-? volts* 

G 

here M is the gas multiplication and C is the total input capaci- 
mee in picofarads. This maximum pulse size will only be 
stained, however, if the effective differentiating time-constant in 
xe amplifier is large compared with the total positive-ion transit 
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‘mes in the counter (i.e. of the order of 100microsec). The 
oltage induced on the anode wire by electrons from the primary 
‘onization or from gas-multiplication processes is negligible 
ompared with that due to the movement of the positive ions 
jormed near the anode. The voltage pulse rises steeply at first 
und then more slowly as the positive ions move towards the 
wathode; the pulse attains about one-half of the maximum 
umplitude in a time of the order of a microsecond, but the total 
‘ransit time of the positive ions to the cathode is of the order of 
100microsec. It is usual to make use of only the steeply rising 
art of the pulse by differentiating the signal in the later stages of 
the pulse amplifier, and the effective pulse amplitude is reduced 
by a factor of 2 or more. The energy dissipated in the gas by 
the primary ionizing particles may be less than the maximum 
(2-4 MeV) when the range of the particles is comparable with the 
ceunter diameter, and this further reduces the pulse amplitude. 
Taking these two effects into account, the input sensitivity 
required in the amplifier is usually in the range (M/C) x 10-3 
t= (M/C) x 10-4 volts. 

Fig. 2 shows a schematic of a typical arrangement of pulse 
amplifier and pulse-counting circuit used in fixed installations 
w th BF; proportional counters. The e.h.t. filter circuit and the 
counter anode-load resistor R may be mounted in the pre- 

* The maximum charge per pulse is MWye/W;, where Wy is the particle energy in 


e\ ctron volts, W; is the energy required per ion pair (~33eV in BF3) and e is the 
© ctronic charge, 
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amplifier unit, although it is often advantageous to house this 
circuit in a sealed and desiccated case to reduce spurious pulses 
due to breakdown across insulators caused by dust or condensed 
moisture. Similarly the anode lead-through seal of the counter 
should also be kept free from dust and condensed moisture. 
Counters operating at voltages in excess of 2kV are normally 
fitted with a guard-ring seal to reduce spurious breakdown pulses, 
the guard electrode being connected to a low-impedance point 
in the e.h.t. filter circuit. The value of the anode-load resistor 
R is chosen so that the time-constant RC of the input circuit is 
large compared with the differentiating time-constant used in the 
later stages of the amplifier. The amplifier is usually composed 
of two sections, a pre-amplifier unit with a fixed gain (in the 
range 10-100), which is placed as near as possible or convenient 
to the counter or counters so as to minimize the input capacitance 
C, and a main amplifier section containing power supplies and 
further stages of amplification (gain adjustable from 10? to 104) 
and pulse-shaping circuits (differentiating and integrating circuits). 


AMPLIFIER WITH 
ATTENUATOR 
CONTROL AND 
PULSE-SHAPING 
CIRCUITS 


AMPLITUDE 
DISCRIMINATOR 
AND SCALER 

OR RATE-METER 


Fig. 2.—Schematic of counter, amplifier and pulse-counting circuit. 


(4.1) Pulse Amplitude Distribution: Integral and Differential 
Bias Characteristics 


Counting-rate/discriminator-bias characteristics for lin dia- 
meter counters at three gas pressures (20, 40 and 70cm Hg) are 
shown in Fig. 3. Half-inch diameter counters with 40cm Hg 
pressure fillings have a bias characteristic similar to curve (c) in 
Fig. 3 for a 20cmHg lin diameter counter. The maximum 
lengths of the ionized tracks in the BF; gas at 20, 40 and 70cm Hg 
pressure are approximately 2:0, 1:0 and 0-6cm, respectively. 
The improved integral bias curves obtained at higher gas pres- 
sures are attributed to a reduced wall effect, i.e. the proportion 
of particles dissipating a large fraction of their energy in the walls 
is reduced. This is further demonstrated by the differential bias 
characteristic for 1 in and 2 in diameter counters filled at 40cm Hg, 
shown in Fig. 4. In each case the whole counter was uniformly 
irradiated. In the larger and higher-pressure counters it is 
particulariy important to avoid traces of electro-negative impuri- 
ties in the gas, as the probability of electron capture is increased 
owing to the longer paths and collection times involved. If an 
electron is captured by an impurity molecule to form a heavy 
negative ion it is no longer effective in producing gas multiplica- 
tion. Jonizing tracks produced near the cathode will lose a 
larger proportion of their electrons than tracks formed near the 
anode wire, and the pulse-height distribution will be broadened. 
The precautions mentioned in Sections 2 and 3, during gas 
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Fig. 3.—Integral bias curves for 1 in diameter BF3 counters with 
0-002 in diameter anode wires. 


(a) BF3 Pressure 70cm Hg; anode voltage 2400 volts; M = 40. 
(b) BF3 Pressure 40cm Hg; anode voltage 1 800 volts; M = 40. 
(c) BF3 Pressure 20cm Hg; anode voltage 1200 volts; M = 40. 
Amplifier setting: Gain = 2 x 104. 
Differentiating time-constant = 0°8 sec. 
Integrating time-constant = 0-08 sec. 
Total input capacitance = 120pF. 
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Fig. 4.—Differential-bias curves. 


(a) 2in diameter counter) 
(6) 1in diameter counter f 


BF; pressure 40cm Hg. 
purification and out-gassing of filling plant and counter bodies, 
have been found to be essential in order to obtain and maintain 
counting characteristics of the standard shown in Figs. 3 and 4. 
The »He?* and Li’ particles, resulting from the neutron reaction 
with B!°, are emitted in opposite directions and at least one of 
them will produce an ionized track in the BF; gas. Except in 
the case of very small or very-low-pressure counters, the energy 
dissipated will be sufficient to produce an observable pulse, and 
hence a 100% detection efficiency* will be obtainable. In all 
the cases shown the slope of the counting-rate/discriminator-bias 
characteristic is virtually zero at a bias setting equivalent to 0-1 
of the maximum pulse height, and 100% detection efficiency is 
obtained below this bias level. It may be necessary to operate 


* Detection efficiency is defined here as the ratio of the number of observed counts 
to number of n, « events within the sensitive volume of the counter. 
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counters at higher bias levels, in order to avoid spurious count ' 
from electrical interference or perhaps from the ‘pile-up’ due t 
high y-radiation levels. Long-term stability can still be arr 
without stringent requirements on overall gain stability at effec}: 
tive bias levels of 0-2-0-4 of the maximum pulse height. Table {| 


Table 1 


COUNT-RATE AND DIFFERENTIAL COUNT-RATE AT EFFECTIVE BIA’ 
LEVELS 0:2 AND 0:4 OF THE MAXIMUM PULSE HEIGHT 


 — 


Bias level (0:4 of maximum 


i +2 of maxi 

Type of counter ge Bob nek, at a pulse height) i 
} 
Change in ; Change in \ 

: Gas Detection count-rate Detection count-rate : 
Diameter pressure efficiency for 10% efficiency for 10% ? 
bias change bias change ¥ 
in cm Hg A ve % % aa 
z 40 >98 <i >85 <4 || 
1 20 >98 al >85 <4 
1 40 +99 <0-4 $93 <2 
1 70 >99 <0°4 >=95 <I 
2 <0:4 | 
| 


gives information on the detection efficiency observed at these 
higher bias levels, and also the slope of the bias characteristic 
expressed as the percentage change in count-rate for a 10% 
change in overall gain or effective bias level. The figures quoted 
are representative of results obtained with large numbers of 
counters. 

The bias characteristics shown in Fig. 3 refer to counters 
operating at M = 40, amplifier differentiating and integrating: 
time-constant of 0-8microsec and 0:08 microsec, and a total 
input capacitance of 120pF. These conditions are typical of 
many practical applications, and the amplifier input sensitivity 
required, for an operating point on the bias curve equivalent to 
0-2 of the maximum pulse height, is about 4-8 10~* volt. 
The equivalent input charge sensitivity is 5-7 x 10~!4 coulomb, 
or 3-6 x 10° ion pairs. The input charge sensitivity of a 
counter-amplifier system may be measured by injecting a voltage 
step-function, V, into the input via a series capacitance C,. 
When C; is very small compared with the total input capacitance 
C, the injected charge is C,V. The voltage generator may then 
be calibrated in terms of coulombs or ion pairs. If C, = 0-16pF 
a voltage step V = 1 volt corresponds to 10° ion pairs. 


(4.2) Gas Multiplication 


The gas multiplication is a function of the counter anode and 
cathode diameters, the gas pressure and the anode voltage. The 
multiplication process starts when electrons near the anode wire 
can gain sufficient energy from the electric field, between colli- 
sions, to produce ionization. For cylindrical counter geometry 
the voltage V, at which gas multiplication starts is given by 


pa 

V,. or: (Ja) ee Pees (1) 
where X, is a property of the gas, equal to E./p, where E, is the 
critical field strength for gas multiplication, p is the gas pressure, 
and 5 and a are the cathode and anode radii. An analysis by Rose 
and Korff* gives the following general expression for the gas 
multiplication M at an applied voltage V: 


fpaVv 


M = exp Pee ares — i}! - . & 


nere f is a constant depending on the gas. As V is increased 
vove the value V,, M increases slowly at first and then more 
(pidly to a region where log M is almost linear with V. 

‘Fig. 5 shows the gas-multiplication/anode-voltage charac- 
yristics for a range of BF; counters of various sizes and gas 
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Fig. 5.—Gas multiplication, M, as a function of anode voltage. 


/ (a) 1in cathode diameter, 0:002in anode diameter, BF; Se 20cm Hg; and 
fin cathode diameter, 0- 001 in anode diameter, BF3 pressure 40cm H, 

) (6) 1in cathode diameter, 0:002in anode diameter, BF3 pressure 40: cm Hg. 

« fc) lin cathode diameter, 0:002in anode diameter, BF3 pressure 70cm Hg. 

« (d) 2in cathode diameter, 0-004 in anode diameter, BF3 pressure 70cm Hg. 


‘Tessures. The variation of gas multiplication with anode 
‘oltage was obtained by measuring the change in the bias setting 
lequired to give a counting rate of 20% of the plateau counting 
vate. The relative values of gas multiplication for the various 
ypes of counters are accurate, but the absolute value of M is 
oly approximate and was obtained by adjusting the ordinate 
cale of Fig. 5 so that M approaches unity asymptotically at 
ow voltages. The increased voltage required to achieve a given 
nultiplication in the larger-diameter counters is due partly to the 
ise of larger-diameter anode wires. Although the field strength 
iear the anode is increased by the use of thinner anode wires and 
he gas multiplication hence increased, the field strength near the 
‘athode is reduced and some compromise is necessary to avoid 
ecombination effects in the initial ionizing tracks, owing to an 
nedequate field strength near the cathode. The compromise 
«topted in the counters described is to use 0-001 in, 0-002 in and 
)-004in diameter anode wires in counters with tin, lin and 2in 
livmeter cathodes, respectively (i.e. ba = 500 for all counters). It 

“1 be seen from eqn. (2) that, if b/a is constant and the product 
~ is constant, the multiplication/anode-voltage relation is iden- 
ical for counters of any diameter. This is demonstrated in 
weve (a) of Fig. 5, which applies to 4in diameter counters at 
4 2mHg and to lin diameter counters at 20cm Hg pressure. 
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For M > 10 the experimental curves can be represented by the 

relation 

(Va=sV) 
Vio 


where Vj is the slope of the straight-line portion of the curves 
in Fig. 5, and V, is the intercept when extrapolated to M = 1. 
Both are functions of pa when b/a is constant. V9 is the voltage 
change required to increase M by a factor of 10. The results 
given in Fig. 5 cover a range of pa from 0:05 to 0°35, p being 
in centimetres of mercury and a in centimetres; numerical 
values for V;g and V;, are given in Table 2. 


logig M = (3) 


Table 2 


VALUES OF V; AND Vj IN EQN. (3) FOR BF; COUNTERS IN WHICH 
bla = 500 


For most practical purposes, values of V, and Vj9 for interme- 
diate values of pa can be obtained by linear interpolation in 
Table 2. 


(4.3) Effect of Differentiating Time-Constant on Pulse Height 


The amplifier time-constants used with proportional counters 
are usually short compared with the total transit time of the 
positive ions, and the output pulse shape is determined by the 
rise time of the initial fast part of the counter pulse and by the 
value of the amplifier time-constants. If the primary ionized 
track is parallel to the anode wire, the pulse will occur after a 
delay equal to the transit time of the electrons to the wire, and 
the pulse-rise time will be governed by the subsequent movement 
of positive ions away from the anode. For initial tracks oriented 
in other directions, there will be a spread in the transit time of the 
electrons, which will affect the initial shape of the voltage pulse 
at the anode, since the spread in electron transit time is of the 
order of a microsecond. 

Fig. 6 shows the change in the average pulse amplitude as the 
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Fig. 6.—Effect of differentiating time-constant on pulse amplitude. 


Type 12EB40 counter. 1in cathode diameter, 0:002in anode diameter. Integrating 
time-constant = 0:08 microsec. 
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amplifier differentiating time-constant, 7,, is changed from 
8-Omicrosec to 0-16microsec for a lin diameter counter with 
a BF; pressure of 40cmHg. The counter was operated at 
M = 40 and the amplifier integrating time-constant, 7,, was 
0-08 microsec. Gillespie? has suggested that in proportional 
counters in which the initial ionizing tracks are distributed at 
random the majority of pulses have an initial linear rise. With 
this assumption, it can be shown that the results of Fig. 6 are 
consistent with an initial rise-time, T, of 1 microsec. When the 
amplifier time-constants JT; and 7, are small compared with T, 
the resolving time of the system will be approximately equal to T. 
The counting losses at high counting rates will then be given by 
100“T per cent, where 7 is the mean counting rate. Thus for 
T = |microsec, 10°% counting losses will occur at a mean 
counting rate of 10° counts/sec. For a counter filled at higher 
pressure and operated at the same voltage, the rise time T will be 
increased in proportion to the pressure increase; if the counter 
is used at the same gas multiplication, however, this increase will 
be partially offset by the higher anode voltage required. 


(4.4) Response to y-Radiation 


The magnitude of the individual pulses due to y-ray interactions 
in the counter walls and gas is determined by the counter dimen- 
sions and the gas pressure. For a lin diameter counter filled 
with BF; to a pressure of 40cm Hg the average pulse height due 
to 1MeV y-radiation is of the order of one-hundredth of the 
maximum ‘neutron’ pulse height. When the mean interval 
between y pulses becomes less than the resolving time of the 
counter and associated circuits, pulse build-up will occur and 
counts due to y-radiation will be registered at higher dis- 
criminator-bias levels. 

The effect of cobalt 60 y-radiation, at dose-rates from 25 to 
250 rads/h, on a type 12EB40 counter (6in x lin and 40cmHg 
pressure of BF3) is shown in Fig. 7. The amplifier time-constants 
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Fig. 7.—Effect of high y-radiation levels. 


Type 12EB40 counter with cobalt 60 source. 
Counter anode voltage = 1800 volts (M = 40). 
Amplifier settings: Differentiating time-constant = 0-16 microsec. 
Integrating time-constant = 0-16 microsec. 
lin cathode diameter, 0-002in anode diameter, BF3 pressure 
40cm Hg. 


T, and T, were 0-16microsec, and the resolving time of the 
system was therefore approximately equal to the rise time of the 
counter pulse (1 microsec). The full-line curve shows the count- 
ing-rate/amplifier-gain characteristic for a neutron source in the 
absence of a high level of y-radiation, and the broken lines 
indicate the abrupt increase in counting rate due to y-radiation 
levels of 25, 90 and 250rads/h. The chain-dotted curves were 
obtained from measurements with the neutron source removed 
and show the y-response characteristics at low counting rates. 
An approximate theory of the effect may be developed by 
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considering the fluctuations in the number of yy events occurring)” 
within the resolving time 7, of the system. If N is the number oj|- 
ionizing events per second, the standard deviation in the numbei|” 
occurring within a time 7, will be »/(N7,); if p, is the probability|~ 
that the deviation is z\/(NT,), a counting rate of p,/T, pei 
second will be observed at a discriminator bias level of Bz\/(NT,) 
where B is the bias level of a single y-pulse. The value of A\r 
will be proportional to the y dose rate and to the cathode arez 
of the counter (or counters, if several are used in parallel) 
whilst the average value of B will be a function of counter 

dimensions and gas pressure. The results shown in Fig. 7, io 


the dose rates 25rads/h to 250rads/h, show a smaller variatior, 
in the critical bias level for onset of y-response with -radiatior, 
level than is indicated by the simple theory; a change of 10 : 1 in 
y dose rate is accompanied by a change of 7dB in critical bias’ 
level, compared with a factor 1/10, or 10 dB, given by the theory, 
This discrepancy is probably due to the spread in the size of the 
individual y-pulses. The formula is useful, however, in indi-) 
cating the magnitude of the y-response for counters of cutter 
size and gas pressure. For a given size of counter an increase 
in pressure will produce a proportionate increase in B, and T, 
will also be increased. Thus, for a type 12EB70 counter | 
(6in X lin and 70cm Hg gas pressure) the critical bias level for 
onset of y-response will be higher, by a factor of about 2, than) 
the levels shown in Fig. 7 for a counter filled to 40 cm Hg pressure. | 
It is often convenient to have the shortest time-constant clipping 
circuit at an intermediate stage in the amplifier. In this case it 
is necessary to ensure that the input time-constant is sufficiently 
small to avoid overloading of the earlier stages of the amplifier} 
by the signal fluctuations arising from the y-radiation. The 
results shown in Fig. 7 were obtained using an input time-constant} 
of about Smicrosec; the head amplifier gain was 100 and the 
clipping circuit followed this amplifier. ! 
With high y-radiation levels and high gas-multiplication the 
positive-ion space charge in the counter may be sufficient to 
alter the field distribution and cause a reduction in gas multiplica- 
tion. The effect is observable in a type 12EB40 counter at a’ 
dose rate of 250rads/h and a gas multiplication of 40, the 
neutron count-rate characteristic being shifted by about 0-5 dB. 
(This effect is not shown in Fig. 7.) A 
Spurious counts may also arise in high y-radiation fields due 
to the collection of charges and their subsequent redistribution) 
on the anode insulating supports. The effect is most marked) 
where there are insulated surfaces with only a small potential 
gradient along the surface, e.g. a glass sleeve terminating the 
anode wire at the quartz-disc end of the counter. The results 
shown in Fig. 7 were obtained with a glass sleeve of about in 
overall length and are similar to those obtained when the glass 
sleeve is replaced by a metal tube. A number of counters have 
been made with longer glass sleeves, and these give rise to spurious 
counts, although the effect is important only at low counting rates 


(a few per second) and for counters used at low gas-multiplication 
(M ~ 10). 


(5) COUNTING-LIFE 


A gradual deterioration of counting characteristics has been 
observed after continuous operation for long periods at high 
counting rates; this effect is more marked for counters operated 
at high gas-multiplication. Results obtained with 6in x lin 
counters filled to a pressure of 40cm Hg and operated with gas- 
multiplication factors of 8, 40 and 400 are shown in Fig. 8. The 
counting rate used in the course of these experiments was about 
2 x 10* counts/sec, and the comparatively minor deterioration 
in curve (6) (M = 8 and 10" counts operation) corresponds to 
continuous operation at this level for a period of eight weeks. 
At the higher values of M (40 and 400) the change in pulse height 
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8.—Effect of large number of counts on standard 1 in counters 
filled at 40cm Hg. 


(a) Initial h.t. counting-rate characteristic. 

(b) After 1011 counts for counter operated at 1400 volts (M = 8). 

(c) After 2 x 10!0 counts for counter operated at 1800 volts (MZ = 40). 

(d) After 1-3 x 1019 counts for counter operated at 2250 volts (M = 400). 
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md pulse-height distribution becomes observable after about 10!° 
‘eed 10° counts operation. 

_ The change in the characteristics is similar to that produced by 
a electron-capturing impurity in the gas. Soberman et al.® 
jave reported results for BF; counters operating at very high 
‘as-multiplications and counting y-pulses. They have attri- 
uted the deterioration in characteristics to the production of 
juorine and BF, from dissociation of BF;. A mechanism of 
‘inis type is consistent with the observed dependence of the effect 
mn gas multiplication. 

It is found that the characteristics of counters damaged in this 
«vay may be recovered by heating the counter for a period of three 
‘0 four hours at about 180°C. The recovery process is gradual, 
und the effect of a four-hour heating period is shown in Fig. 9. 
“The subsequent performance of the counter after 8 x 10!° counts 
>»peration at MZ = 40 is also shown. It will be seen, by com- 
»arison with curve (a) of Fig. 9, that the deterioration effect is 
‘much less than that obtained originally. The recovery, after 
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Fig. 9.—Recovery of characteristics after heat treatment. 
1in diameter counter filled at 40cm Hg. 


7) Deterioration after 6 x 101° counts operation at 1800 volts (M = 40). 


-b) Recovery after heating for 4 hours at 200°C. 
ic) Bubsequent performance after a further 8 x 1010 counts operation at 1 800 volts. 
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heat treatment, is no doubt due to the absorption of the impurities 
in the copper walls. Copper acts as a getter for fluorine, but it 
would be expected that the amounts produced would be absorbed 
in the copper without extended heat treatment. The reduction in 
the deterioration effect after initial deterioration and subsequent 
recovery with heat treatment is not fully understood. 


(6) OPERATION AT ELEVATED TEMPERATURES 


The construction of the counters described allows for subse- 
guent uniform heating to 400° C without physical damage to the 
counter body. At such temperatures, however, the counting 
characteristics deteriorate quickly, owing to accumulation of 
electron-capturing impurities given off from the counter walls. 
This effect is negligible at 100°C for counters which have been 
previously outgassed at 400° C, and counters have been operated 
continuously at 100°C for a period of three months without 
appreciable change in characteristics. At 150°C a change in 
characteristics may be observed after a period of a few weeks. 

The high-temperature performance of BF; proportional 
counters depends on the previous outgassing treatment during 
manufacture. In an earlier design of counter made at the 
Atomic Energy Research Establishment,! where the maximum 
outgassing temperature was 120°C, a marked deterioration in 
characteristics occurred after a few hours’ operation at 80°C. 
Similar results showing a deterioration occurring at 70°C have 
been reported by Schultz and Connor.’ 


(7) SOME APPLICATIONS OF BF3 PROPORTIONAL 
COUNTERS 


Table 3 lists some standard lengths and gas fillings, for 4in, 
lin and 2in diameter counters, used at the Atomic Energy 


Table 3 


STANDARD COUNTERS USED AT THE ATOMIC ENERGY RESEARCH 
ESTABLISHMENT 


Anode 
voltage 
for M = 40 


Approximate 
overall 
length 


Approximate 


Diameter sensitivity* 


counts/sec per unit 
thermal-neutron 


5B40/13 
5EB40/13 
28EB40/13 


_ 
Aan 


12B20 
12EB40 
12EB70/Gt 
31EB40 
31EB70/G 


BRi4| See 5 


— ee 
Pe eal 


15EB70/50G 
40EB70/50G 
107EB70/50G 
84EB45/50G 


* The sensitivity is calculated from the total cross-section of the boron 10 within 
the sensitive volume. : ; 

+ A final letter G in a type number denotes the use of a guard-ring electrode in the 
glass/metal seal. 


Research Establishment. The number preceding the letters B 
or EB in the type designation denotes the active length in centi- 
metres. B denotes natural boron and EB denotes boron enriched 
in the boron 10 isotope to about 95°%. The next number denotes 
the gas pressure. For counters other than those of | in diameter 
a final number is added which gives the diameter in millimetres. 

The 4in diameter counter has been developed mainly to fulfil 
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requirements for flux-distribution measurements, e.g. in criticality 
experiments with reactor core assemblies. The counter is usually 
attached to a rigid extension lead and the whole probe assembly 
need not exceed 4in in diameter. A water-tight joint can be 
obtained by the use of a rubber washer between the counter and 
the extension lead, for measurements in assemblies under water. 

One-inch diameter counters are used in a wide variety of 
applications, e.g. in loading experiments in reactors, reactor 
control instrumentation, and as detectors in the measurement of 
neutron cross-sections in the thermal and epithermal energy 
regions. In the latter type of experiments large arrays of 
counters are used to obtain a high-efficiency detector. A con- 
venient method of assembling a closely packed bunch of 
counters is to screw them to adaptors which have been brazed 
on to a flat metal plate. The head amplifier and e.h.t. filter 
unit can then be mounted on the other side of this plate and 
enclosed within a sealed cover. This construction ensures that 
all insulating surfaces, including the glass/metal seal on each 
counter, are kept clean and dry, and that the total input capaci- 
tance is kept to a minimum. An array of this type used at the 
A.E.R.E. consists of 36 type 31EB70 counters connected in 
parallel and operating from a common e.h.t. supply. 

The largest assembly of BF; counters used so far at the 
A.E.R.E. comprises 240 counters, each of 2in diameter and 
4ft long. The counters are connected in groups of 10 or so to 
head-amplifier units with cathode-follower outputs; these out- 
puts are fed into a main amplifier and a multi-channel pulse- 
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Fig. 10.—Differential-bias curve of 76-counter array. 
Each counter of 2in diameter and 4ft length (type 107EB70/50G). 


amplitude analyser. Fig. 10 shows the differential-bias curve for 
76 of these counters connected in 10 groups to 10 head-ampli- 
fier units. 

In neutron time-of-flight spectrometer experiments the neutron- 
energy resolution obtainable depends on the delay time and 
spread in delay time of the detector. In a BF; proportional 
counter the time delay between an n, « reaction and the rise 
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of the counter output pulse will depend on the position an 


orientation of the initial ionizing track and the size, gas pressur|” 
and operating voltage of the counter. Nicholson’ has measure) 
the time spread or jitter in the pulses for lin and 2in ou 
counters of the type described here. The distribution of dela’) 
times is rectangular; the total width for a lin diameter counte|) 
filled at 40cm Hg and operated at 2400 volts is 0:6 microsec; fo 
a 2in diameter counter filled at 70cm Hg and operated at 4001* 
volts the width is 2-75 microsec. 

Pulse-type counters may be required in reactor control): 
instrumentation systems for neutron-flux measurement at sub 
critical levels and during start-up of the reactor, when the ratic: 
between neutron and y-radiation fluxes is too low for the US” 
of mean-current ionization chambers. The limiting values o/ 
y-radiation dose rate at which BF; proportional counters may 
be used, and discrimination obtained between neutron pulse! 
and the effects of y-radiations, have been discussed in Sec 
tion 4.4. When the reactor power level increases beyond the 
range of the counter, it is necessary to retract the counter to < 
position of reduced neutron flux to avoid excessive activation 0’ 
the counter body, so that it can be used again at low levels wher 
the reactor is shut down. It is also necessary to switch off the 
h.t. anode supply to avoid the deterioration effects which result 
from a large number of counter discharges (see Section 5). 

The effect of a high B-y activity induced in the materials of the 
counter is similar to that of a high y-radiation dose rate. Types 
12B20 and 12EB40 counters, irradiated for 10 days in a thermal- 
neutron flux of 3 x 109 neutrons/cm?-sec (i.e. integrated flux of} 
2-5 x 10!5 neutrons/cm?) with zero anode voltage, show no 
deterioration in their characteristics. The 12-8-hour f-y activity 
due to copper 64 immediately after removal from a flux of} 
3 x 10° neutrons/cm2-sec is, however, too high to enable neutron 
pulses to be distinguished. After a decay period of about) 
7 half-lives (i.e. a factor 128 reduction in activity), good dis-| 
crimination can be obtained between neutron pulses and the 
effect of the copper 64 activity. Counters of this size should 
therefore be retracted to a position where the thermal-neutron 
flux is less than about 2 x 107 neutrons/cm?-sec at full-power 
operation. The saturation activity will then be sufficiently low 
to avoid difficulty in discriminating between neutron pulses and 
B-y ‘pile-up’. At this flux level the exposure period for an 
integrated flux of 2:5 x 10!5 neutrons/cm? will be approximately 
three years. 


—_-— 


(8) CONCLUSIONS ) 


Counters of the type described here have been produced in 
large quantities and the technique of manufacture gives consistent 
and reproducible results. The design is adaptable to the wide 
range of counter sizes and sensitivities required in instrumentation 
systems and in experimental work for the measurement of neutron 
flux in the thermal and epithermal energy range. 
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ENCE, 4TH FEBRUARY, 1958 


Or. D. Taylor: The paper by Dr. Howlett gives an admirable 
“vey of the present position regarding digital computers and 
vir use in reactor-design calculations. He mentions the develop- 
‘nts in mathematical techniques which have taken place in the 
‘t few years, which have tended to reduce the work which must 
done by the computer, and the question therefore arises 
wether larger and faster computers are really required, or 
acther improvements in the mathematical methods would not 
'y dividends more quickly. Is the British equivalent of Stretch 
ered if we are to maintain our present position in the nuclear- 
wer world, or are advances in the mathematical techniques for 
madling design calculations likely ? 

[The paper by Messrs. Bowen and Masters deals with the use 
analogue computers for carrying out certain reactor calcula- 
S. Some experimental confirmation of the results has been 
wtained from the work done on Bepo. It would be of interest 
know if any further experimental work has been carried out 
varing on these calculations. 

‘The first paper by Messrs. Abson, Salmon and Pyrah is of 
cial interest. It is not very long ago that the making of a 
3 proportional counter was regarded as something of a 
wstery. As a result of the work now reported, proportional 
»unters of this kind are made in relatively large numbers with 
‘ty reproducible characteristics. Fig. 8 apparently illustrates 
‘method of making old counters new, but it also means that 
'ch counters cannot be used at high temperatures. The 
ifficulties caused by the production of free fluorine at elevated 
‘mperatures could be avoided by introducing boron as the 
‘ement and as deposition on one or both electrodes. Has this 
sethod been explored, and does it introduce any further diffi- 
ilties? Another point of some importance is the upper limit 
* neutron flux in which a BF; counter can remain. This is 
sesumably set by induced activities, and so it may be possible 
» do better by using something other than copper. Has this 
sen explored? If so, information would be of interest. 

The last paper deals with fission counters, and in it the authors 
fer to the design of a high-temperature fission counter. 
resumably the counter mentioned has now been completed. It 
ould be of interest to know whether it has been a success. 

It may be noted that the BF; proportional counter tends to 
2 used when one wants a high sensitivity and when the y-back- 
round is low. When the y-background is high the answer 
xoms to be to use a fission counter and endure the reduced 
‘nsitivity. Is there a way out of this, i.e. is it possible to improve 
1© sensitivty of the fission counter? 

‘Ar. F. R. Farmer: From Dr. Howlett’s paper I got the impres- 
oa that computing machinery is likely to become more and 
1 °e complicated, while in that by Messrs. Bowen and Masters 
ssw an attempt to simplify these problems to produce some 
'¢ whereby reactors of new types can be compared. In the 
Z run we would agree that the only way to find out how a 
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CUSSION ON THE ABOVE FOUR PAPERS BEFORE THE MEETING OF THE MEASUREMENT AND 
CONTROL SECTION HELD IN CONJUNCTION WITH THE BRITISH NUCLEAR ENERGY CONFER- 


reactor behaves is to build one; but even when it is built, experi- 
ments carried out on the reactor are difficult to interpret unless 
theory lies behind them and unless also we have some means 
of using this theory in some quick and reproducible method. 
We can and do build analogue machines which enable us to 
evaluate particular patterns of reactor. But the response of 
these machines is only the response which we as designers put 
into them. This seems to me to be going round in a circle. 

Yet looking at other aspects of man’s achievement, I am sure 
that very few engineers know very much about the properties of 
all the metals they use. But series of equations have been 
produced which enable them to build structures. It would be 
impossible for very many people, I think, to know very much 
about reactors in detail. But is there any hope—and perhaps 
the authors might comment on this—of simplified equations that 
would enable us to design reactors? Having produced a proto- 
type, could we go on from one to another, with confidence that 
succeeding models would have predictable behaviour to limits 
which might be laid down by some body? The difficulty, as I 
see it after reading these papers, is how to marry the behaviour 
of the complex machine with the experiments we carry out on it. 
How can we develop the theory, whether by machine, by digital 
computer or by simplified methods, to enable us to continue 
building and improving the reactors which are an essential part 
of the country’s economy ? 

Mr. A. Gilmour: In the concluding sentence in his paper, Dr. 
Howlett says that the needs of the nuclear-energy world will 
have provided an important part of the stimulus for the develop- 
ment of the digital computer. This is true, not only of the 
machines, but also of their use. For example, at a computing 
centre in which a digital computer has been used, during 1956 
and 1957 some 27% of the time was spent on atomic-power 
problems, about 33 % on aircraft-engineering problems and about 
40°% on other problems. When it is realized that the latter 
figure covers many branches of mechanical and electrical 
engineering, as well as commercial problems, it is seen that 
nuclear engineering is one of the greatest users of computers at 
this centre. However, the older branches of engineering have 
not been slow to follow the lead of the newer branches. One 
of the reasons for this is that many of the numerical techniques 
developed in nuclear engineering can be applied in other 
problems. For example, the solution of the diffusion equations 
described by Dr. Howlett has many similarities to the problem 
of the calculation of eddy-currents in busbars, and Monte Carlo 
techniques developed on computers for neutron transport 
problems can be used for various traffic-flow problems. 

On the size of computers for nuclear-reactor design studies a 
very convincing argument has been made in favour of the 
biggest and fastest, but in using a very fast computer there is 
the danger that programmes may not be prepared as carefully 
as for a smaller one, so that, in practice, the difference in speed 
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between the two is not so large as one might expect. Wilkinson* 
states that optimum coded programmes are nearly always twice 
as fast as the same programmes on orthodox machines with the 
same length of major cycle, and in a large range of problems the 
gain is as much as a factor of ten. In other words, it is still 
necessary with a fast machine to pay careful attention to the 
numerical method used, the organization of the programme and 
the use of appropriate programming techniques if the necessary 
improvement in operating time is to be realized in comparison 
with a well-designed optimum coded programme on a smaller 
machine. 

Professor A. Porter: The question of the respective roles of 
analogue and digital computers in the investigation of nuclear- 
reactor design is important. It would appear that the main 
distinction is that the digital computer can be applied to all 
cases where the problem can be stated specifically and where 
the parameters of the system are known. Many problems in 
nuclear physics fall into this category, and frequently compara- 
tively high accuracy is required and also the capability of 
handling large amounts of information; the digital computer is 
particularly valuable in studying such problems. On the other 
hand, when the problem cannot be too well defined—and this is 
frequently the case when disturbances of an arbitrary nature 
arise—it appears that the analogue machine is particularly useful. 

Dr. Howlett’s paper considers, amongst other problems, the 
study of the neutron population in a reactor, and attention is 
thereby focused on the problem of neutron diffusion. The 
attention of the author is drawn to the work of Argyris in 
formulating aircraft-structure stress calculations as matrices and 
in the use of a high-speed computer. For example, in the 
determination of eigenvalues the computer itself forms part of 
an iterative process and the output of the machine provides the 
input for the next stage of iteration automatically. The Argyris 
method is well established as one of the most powerful that 
has yet been applied to the stressing of complex aircraft struc- 
tures. Perhaps the method may be adapted to the study of 
neutron diffusion in non-homogeneous reactors. 

I agree strongly with Dr. Howlett that from a national point 
of view it is important to develop the ultra-high-speed computer. 
Although several smaller machines with moderate capacity may 
appear at first sight to be adequate in the study of such complex 
problems as the 3-dimensional reactor, the ultra-high-speed 
computer is a necessity. 

Mr. R. W. Sutton: The power output of a reactor is 
theoretically independent of its size—subject, of course, to the 
system being critical—and depends essentially on the rate at 
which heat can be transferred from the core. However, to get 
better heat transfer one requires a large heat-transfer surface 
area and a larger coolant-duct volume. This could lead to a 
reduction in the infinite multiplication factor, and it is therefore 
apparent that there may well be a conflict between satisfying the 
heat-transfer requirements and the nuclear design requirements. 
Dr. Howlett discusses only problems of nuclear design. Has he 
done any work on the optimization of plant design, taking into 
account both heat-transfer and nuclear requirements, and has 
he any comment on the value of such studies? 

In tackling a problem of the kind in which Messrs. Bowen and 
Masters have been interested, one must first set up a mathematical 
model to represent the system to be examined. This is generally 
a set of ordinary differential and/or partial differential equations, 
and one has to obtain some solution of these. Errors between 
any computation carried out and the actual behaviour measured 
on the system can arise (a) from the inability of the model 
adequately to represent the system, (b) because one does not 


* WILKINSON, J. H.: ‘An Assessment of the System of Optimum Coding used on 
the Pilot Automatic Computing Engine at the N.P.L.’, Philosophical Transactions of 
the Royal Society, A, 1955, p. 253. 
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| 
know the data accurately, and (c) because the computing hi 
inaccurate. The obvious course is to try to eliminate all the;) | 
errors in turn, so that, whatever the problem, the computatior) 
are as accurate as possible. {h 
It is unsound to justify the use of an approximate solution o|o) 
the ground that one does not know the data accurately ¢| 
cannot compute accurately. Inaccuracy in data can be covere 
by studying a range of values of a parameter, say, +10% if th) 
parameter is known only to that accuracy, to see whether th 5 
has a significant effect. One thus sees the significant parametei i 
in the system, and can reduce the effort involved in determinin fi 
parameters accurately. 


better the model the more nearly will the answers agree wit! 
experiment. However, in order to make preliminary investigé|” 
tions on a system, one frequently wishes to investigate a wid: 
range of parameters. From this aspect, methods such as thost fs 
suggested in the paper are extremely useful. However, there i ie 
always a danger that this type of approximation may be use 
rather indiscriminately. One does not always think carefull bi 
before using it in a particular case, to see whether it reall» 
applies. If necessary, periodical checks should be made with © 
more accurate computer. Moreover, when one has used thi 
type of approximation to find the range in which one is reall)» 
interested in a system, one should again go to a more accurat © 
form of computation, including as many factors as one can, op 
order to make quite sure that nothing missed out in the approxi) h 
mations has any significant effect. 

In producing Figs. 2 and 12, Messrs. Bowen and Master. 
have apparently used eqn. (10) to represent the power, and the 


get a sudden jump in power which shows up clearly on bot)! 


5 


they not have avoided this and got the power ising more in thy 
manner of the analogue results ? 

Were Figs. 6(b) and 6(c) obtained on the analogue compi 
or by the approximate method? If the former, have the author: 
used their approximate method on this type of problem, wher 
they have rates of change of reactivity? 

Mr. D. V. Wordsworth: Dr. Howlett deals very adequately 
with the steady-state nuclear problems which enter into thy, 
design of the reactor, and demonstrates clearly the high degret!: 
of complexity which arises in these calculations. There are twc) 
aspects of reactor design, however, which are not dealt with ir 
such detail, namely the thermodynamic design and the kinetic 
behaviour of the system. 

At the present stage of reactor design, considerable econom 
gains are possible by optimization of the relationship betweer) 
heat output from the system and overall plant efficiency. Ar 
analysis of the possible steam cycles—examining the single- anc 
multi-stage pressure cycles and the various degrees of reheat—iy, 
an enormous task to attempt by desk calculation, and if this is 
included with an economic survey the task becomes formidable] 
No doubt considerable improvements are possible here, and the 
economic gains for a given plant might well cover the cost 0! 
the computer required to achieve them. 

It is realized now that consideration of the kinetic behaviowi 
of the reactor must be taken into account in the early stages 0} 
the design study. The results obtained from such an analysis 
might be predominant in determining certain design features 
and kinetic studies should thus be of a very high standard 
Does Dr. Howlett believe that the problem could be dealt wit 
adequately on a digital machine, bearing in mind the possibility 
of having to produce a multi-group, multi-region time-dependen' 
calculation? 

The paper by Messrs. Bowen and Masters illustrates some ver) 
interesting techniques and shows how the time behaviour of the 


der Hall type of reactor can be analysed without the use of 
‘somputer. It is necessary to stress, however, that the methods 
not general ones and should be applied with care to other 
Attention should be drawn to certain assumptions 
Tie in the paper. First, the temperature coefficients are 
sumed to be independent of temperature. Secondly, the mean 
atron lifetime is assumed to be independent of the reactivity 
\the system. Thirdly, certain material properties, such as 
ycific heat and heat-transfer coefficients, are assumed to be 
: sependent of temperature. In some reactor designs, particu- 
; ty in small systems operating at high temperatures, each of 
ase will be highly variable in a transient. Temperature coefti- 
ints might vary by a factor of five and heat-transfer coefficients 
-. a factor of two in a single excursion. 
Mr. C. P. Gratton: Dr. Howlett deals admirably with the 
ony difficulties arising in the design of a nuclear power reactor 
“h the increasing use of the high-speed general-purposes digital 
ynputer. It is unfortunate, however, that in his choice of 
ample he has done little to dismiss the attitude so frequently 
opted. But this is a simple straightforward calculation; 
iy put it on a machine? 
Although more ambitious techniques may be used in reactor 
sign, the real need is for fast general approximate methods 
‘rforming general survey work. By this I mean fast both in 
ee tine sense and also for the designer who is controlling 
© investigation. My experience in this field indicates that for 
ry hour on the machine approximately 100 are required to 
rmulate the problem, prepare the input data, and finally assess 
e results. This ratio was obtained from the use of a wide 
‘snge of programmes covering kinetics, long-term changes with 
_adiation, criticality and the evaluation of such things as mean 
»utron lifetime and resonance neutron absorption integrals. 
\I feel that, although machines will be speeded up in the future, 
yey will not be quite so revolutionary to the designer as the 
-Jrecasts quoted in the paper suggests. However, the approxi- 
‘tate methods I have mentioned would be poor indeed if more 
‘vanced techniques were not forthcoming to be used as a 
rdstick against which to check preliminary results and investi- 
te various approximations. It is in this respect that Dr. 
jowlett’s examples are essential, but I doubt whether the man- 
ewer available could cope economically with general survey 
ork using these methods. 
\ Mr. T. J. O’Neill: In the paper by Messrs. Bowen and Masters, 
ome of the assumptions used in deriving the equations are 
“ade to simplify the problem to a point where graphical calcula- 
fon is possible. One major assumption made is that thermal 
\.\diation from the fuel element to the moderator may be neg- 
veted. In some transients the gas flow falls to a low level, 
ius reducing the heat transfer by convection, whereas the fuel- 
jement temperature increases, so increasing the radiative heat 
vansfer. It has been found in some cases that the heat transfer 
y radiation exceeds that by convection by a factor of 5, and 
‘ae course of the transient is markedly different when the radia- 
ton term is included. 
| In deriving equations of this type it is necessary to assume 
vat the shape of the gas-temperature curve along the channel 
mains constant with time; but in determining the mean tem- 
ner atures it is not essential to assume that the shape of the fuel- 
‘ement- -temperature curve is also constant. For the maximum 
i? bed atures it is preferable to establish separate equations, 
ih nach, require only the gas temperature to have an assumed 
“am. These equations can then also include the appropriate 
ac iation terms, which are of different magnitude from those for 
“u© Mean equations. 
*he authors’ equations neglect moderator-temperature changes 
, he assumption that the time-constant is of the order of 30min. 
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However, owing to the low thermal conductivity of irradiated 
graphite, there is a build-up of temperature near the edge of the 
moderator, with a much shorter time-constant. In addition, 
the reactivity temperature coefficient of the moderator is not 
uniform across the graphite, but is greatest nearer to the edge 
of the channel. The net effect is that a significant part of the 
reactivity produced by the moderator changes with a time- 
constant of approximately 2 min. 

In applying the equations for one channel to the whole core, 
would one not expect to use a statistically weighted average 
effective channel for mean temperatures, rather than to select 
an actual channel at some radial point? 

Mr. A. L. Gray: Messrs. Abson, Salmon and Pyrah mention 
that fission counters have applications in small reactors where 
low fluxes require the counter to be placed very close to the core. 
This also is the case in some of the larger graphite-moderated 
reactors, where the instrument engineer is required to use a 
location for his detectors which is some considerable distance 
from the core, and where the fluxes are low. The very wide 
range for which instrumentation is required means that low-level 
instrumentation must cope with neutron fluxes of the order of 
a few neutrons per square centimetre per second. At these 
levels good counting statistics are difficult to obtain, and there 
is a very strong case for operating counters inside the pressure 
vessel, if at all possible. The fission counter lends itself to 
applications of this type. The use of ceramic seals suggests that 
one can operate these counters at high temperatures, and I 
understand that a number of experiments have confirmed this. 

A detector for use inside the core must be treated as a per- 
manent part of the installation and not require replacement at 
too frequent intervals. I should like the comments of the 
authors on life from two aspects. First there is the question of 
burn-up: here a simple calculation suggests that it might be 
possible to achieve lives of the order of 10000 hours, which 
is quite reasonable, before burn-up becomes too serious a 
problem. Secondly, what is the upper limit of flux at which the 
counter may remain when the reactor is operating at full power, 
i.e. what limit is set by the effects of pile-up from residual 
B- and y-activities in the structural materials of the counter? 

Mr. D. J. E. Evans: I should like to ask Messrs. Bowen and 
Masters whether their study has indicated the degree of accuracy 
of speed maintenance needed on the blower drives. 

Would Messrs. Abson, Salmon and Pyrah indicate the 
accuracy of production and the extent to which shelf life has 
a bearing on the active life of proportional counters? Do they 
consider it possible to develop fission counters, for flux plotting 
purposes in power reactors on load, having a better performance 
than the present-day wire-and-tape methods? 

Mr. H. McGregor Ross (communicated): Dr. Howlett fails to 
show that there is a great range of applications concerned with 
the physics of the nuclear reactor which can readily be tackled 
with medium-sized digital computers. Examples of such work 
include computation of the main physical properties of the 
lattice, assessment of long-term reactivity, flux-distribution 
calculations and control of the flux level within the reactor. In 
addition to this work associated with the physics of the reactor, 
there is a wide range of applications in nuclear engineering. 
Much of this can benefit from programmes already written for 
other branches of engineering, e.g. 


Heat-cycle optimization, including the prime mover. 

Heat-exchanger calculations. 

Stressing of the spherical pressure vessels, and their fittings. 

Stressing of frameworks, especially to minimize deflections at 
prescribed points. 

Stressing of pipe systems and bellows. 

Centrifugal stressing in turbines and fans. 

Critical speeds for the rotors of turbine-alternator systems. 
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For applications of this nature, experience shows that it is a 
great advantage for the design engineer to be able to prepare his 
own work for the computer. It is therefore of primary impor- 
tance that the computer should be simple to programme, that 
the basic programming techniques should be fully worked 
out to give the maximum versatility and flexibility, and that 
there should be an extensive and easily used library of standard 
routines. 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION | 


Dr. J. Howlett (in reply): In reply to Mr. Farmer I would say 
that from the users’ point of view digital computers are becoming 
simpler, and are providing facilities which take a lot of work off 
the programmer’s shoulders; I agree that in the engineering 
sense they are becoming very elaborate. So far as understanding 
reactors is concerned, the impression I get from talking to my 
colleagues is that we have still a lot to learn: quite elaborate 
mathematical studies are needed to understand what goes on in 
a reactor, and any eventual simplification will have to be based on 
results of such studies. 

I agree with Mr. Gilmour that all programmers must have a 
sound knowledge of numerical techniques and must bring a 
critical mind to bear on the choice of method, programming 
technique and general organization of the problem. While also 
agreeing that one must not too easily assume that only the largest 
and fastest machines are of real use, I feel that programming— 
which is really only a means to an end—should be as easy as 
possible, and the more elaborate machines contribute a lot to 
this aim. 

I am grateful to Professor Porter for telling me of the work of 
Argyris on matrix processes. To Mr. Sutton I confess that I 
have not yet had to do any work on the optimization of a com- 
plete plant, but that I expect to be involved in calculations of 
this kind shortly. It seems very likely that, as the importance of 
economic questions in this field increases, such studies will 
become an essential part of any design project. 

The time-dependent calculation suggested by Mr. Wordsworth 
can certainly be done on a digital machine, but it is a large under- 
taking if a 2-dimensional treatment is desired; I have, in fact, 
done something on these lines, but only a few steps in time were 
needed. I think that there is here no alternative to the digital 
machine: an analogue computer would be quicker, but one 
elaborate enough to deal with a complex problem would be 
extremely expensive. 

I cannot agree with Mr. Gratton that the examples I give are 
‘simple straightforward calculations’: even the simplest of the 
three (the spherical-harmonics calculation) is a considerable task 
for a hand computer, and the whole point of using a machine is 
that any of these calculations would take far too long if done by 
hand. Commenting on his later statement I would say that a 
most important aim is to make the machine do as much as 
possible of the assessing of the results of its computations— 
probably a more difficult task than writing the main programme. 

Mr. Ross’s list of desiderata for a machine seem to me wholly 
admirable. I am aware of the Autocode programming schemes 
and have made a great deal of use of this kind of technique over 
the past few years. I had, in fact, considered including some- 
thing on programming, and in particular on this kind of project, 
in my paper, but it seemed to me that I had already written quite 
enough without this. 

Finally, there is Dr. Taylor’s question on faster machines: I 
consider it essential that a very advanced machine should be 
developed in this country. At the same time I think we must 
never cease to study the mathematical techniques on which 
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Another new advance of importance for this work is th’ 
Autocode schemes. These make a computer appear muc 
simplified, so that it is possible for engineers to learn in a da) 
or two how to use it. Programmes are prepared in a sel © 
evident notation. Practical Autocode schemes now exist ft¢\!” 
the Deuce, Mark 1* and Pegasus computers, while that fc) 
Mercury is distinguished by being very versatile and by pr 
serving the exceptional computing speed of the machine. 


. 


large-scale calculations are based, or otherwise we shall not maki 
the best use of our machines, however fast they become. i| 

Messrs. J. H. Bowen and E. F. O. Masters (in reply): Regardin 
Dr. Taylor’s comments, although the methods employed in th» 
paper may be applied to the analysis of such situations as th © 
Chalk River accident and the American experiments with Borax — 
Godiva, etc., making due allowance for the elasticity of th © 
moderator in the case of water-moderated systems, to the bes) | 
of our knowledge there are no other directly applicable experi» 
ments which have been made on graphite-moderated systems. he 

In reply to Mr. Sutton, we agree with his contention that'! 
logically, the use of an approximate solution is not justified b> 
ignorance of the data involved. Figs. 2 and 12 are both drawi © 
for the condition of a sudden application or step of k,,, wherea 
eqn. (11) is recommended only where reactivity is increased at ¢| 
constant rate. 

We agree with Dr. Wordsworth that it is necessary to tes) 
assumptions such as the variation of the parameters witl 
temperature. In the Calder-type system, all the assumption) 
he has noted do apply with good accuracy. We are a littl 
surprised to hear of his experience of a five-fold variation of tem: 
perature coefficient in a given transient. The basic phenomené|: 
summed up in the parameter ‘temperature coefficient’ are usually): 
proportional to the absolute temperature or fractional powei|: 
thereof, and such a variation as he reports would be expected only! 
over a very wide range of temperature. An artificial variatior)) 
is often noted, which is really a reflection on the suitability of the) 
temperature coefficient chosen, due to, for example, the variatior) 
of flux or of temperature distribution during the course of the, 
investigation. Such factors are discussed in the paper. 

In reply to Mr. O’Neill, the equations given do not allow for, 
radiant heat transfer from the fuel elements, although an approxi- 
mate allowance may easily be made. 

The diffusion of heat into the moderator can be considered in| 
the simplified example shown in Fig. A, where the rise of 
temperature is plotted within a graphite slab, in contact on one 
face with a gas rising in temperature at a constant rate. e 
values of the constants assumed for the graphite take account) 
of the irradiation effects mentioned by Mr. O’Neill. The slab 
surface temperature T; follows the gas temperature T, more) 
closely than does the central temperature, and the effective 
temperature T; which has been weighted for the greater effective- 
ness of the surface moderator responds more quickly than that 
calculated for lumped parameters, T;. If the graph were con- 
tinued for longer times, the plots of T,, Tg, and T; would 
eventually become parallel. J, would lag behind T, by 10min 
(the time-constant in this example), and JT, by about 6min. 
However, as will be realized from the paper, practical tempera- 
ture transients do not usually last longer than a few minutes; 
and although strictly it is correct to speak of a time-constant only 
if distribution effects are neglected, the simplification in the 
paper appears justified in that the thermal time-delay in the 


moderator is several orders of magnitude greater than that for 
the fuel. 
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Fig. A.—Diffusion of heat into the moderator. 


Heat transfer coefficient, h = 4:72 x 10-3 C.GS. units. 
Thermal conductivity, k = 0-066 C.G.S. units. 

Density, 9p = 1-7. 

Specific heat, C = 0:3. 


| Regarding allowance for radial variations, the procedure 
‘commended is, in fact, to use a statistically weighted average 
(fective channel for mean temperatures, exactly as Mr. O’Neill 
uggests. By the procedure given in the paper, the actual 
nannel whose behaviour corresponds to this average may be 
‘lentified. The behaviour in any other channel may be calcu- 
\\ted from this. 

| In reply to Mr. Evans, the methods used in the paper could be 
‘dapted to study the problem of the speed stability required on 
flower drives; but for this purpose, where interest is fixed on 
mall amplitude changes, more conventional linear perturbation 
inalysis may be employed. 

' Messrs. W. Abson, P. G. Salmon and S. Pyrah (in reply): In 
eply to Dr. Taylor, there is no evidence that fluorine is pro- 


DISCUSSION ON FOUR PAPERS CONCERNED WITH NUCLEAR REACTORS 


369 


duced when boron trifluoride counters are heated. Fig. 8 
refers to the deterioration of counting characteristics after a 
large number of counts, and it is postulated that this may be 
due to the production of free fluorine following dissociation of 
boron trifluoride in the counter discharge process. Subsequent 
heating of the counters gives rise to complete recovery, and this 
is consistent with absorption of the fluorine on the copper walls 
of the counter. 

The effect of induced activities can be considerably reduced by 
using aluminium in place of copper for the main body of the 
counter, since the activation cross-section is reduced by an 
order of magnitude and the half-life of the induced activity of 
aluminium 28 is 2-3min, compared with 12:8h for copper 64. 
Boron trifluoride proportional counters with aluminium bodies 
have been made at the Atomic Energy Research Establishment, 
but the reject rate has been high and the results on shelf-life 
have been variable. This is almost certainly due to the increased 
difficulties of avoiding contamination of the boron trifluoride 
with impurities from the aluminium walls and in obtaining a 
really effective vacuum seal between the aluminium and the 
nickel-iron of the glass-metal lead-through seal. An alternative 
approach to this problem is to use a boron-coated cathode, with 
argon and carbon dioxide as the gas filling. Some work is pro- 
ceeding at Harwell on a counter of this type, and initial results on 
counting life at high counting rates are showing promising results, 
but data on shelf life are not yet available. 

Fission counters of the type shown in Fig. 11 have been 
operated satisfactorily at 350°C, above which some difficulties 
have been encountered with spurious counts due to small break- 
down pulses in the metal-ceramic seal. This may be due either 
to stresses in the ceramic or to changes in its insulating properties 
after extended use at high temperatures. The assembly details 
are being modified to reduce stresses due to relative expansions, 
and higher-purity alumina ceramics are being investigated. 

In reply to Mr. Gray, the upper limit of neutron flux at which 
a fission counter may be exposed without limiting its subsequent 
use due to induced activities will depend on the size of the 
counter and the materials of construction. An estimate of the 
induced-activity effects in the B165 counter described (stainless- 
steel cathode of area 165cm?) shows that the limit is greater 
than 10!!n/cm?/sec; pulse build-up effects due to induced 
beta activity at this flux level would be comparable with that 
due to 10°r/h of y-radiation. 

In reply to Mr. Evans we consider it unlikely that pulse-type 
fission counters could be made for flux plotting in thermal 
reactor cores at flux levels above 10!!n/cm2/sec. Above this 
level the pulse build-up effect of the accompanying y-radiations 
would be prohibitive. A more promising possibility for flux 
measurements in the core of a power reactor on load, with flux 
levels of the order of 10!3 n/cm2/sec, is the use of a d.c. ionization 
chamber with an electrode coating of boron or of a fissile 
material such as uranium 235. The main problem—which has 
not been completely resolved—is the design of a flexible cable 
having adequate insulation resistance at high temperatures and 
high radiation levels. 
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SUMMARY 


The factors which affect the screen efficiency of a high-speed- 
oscillograph cathode-ray tube are summarized, and the nature of the 
shape of the luminance pulse produced by a short-duration square-wave 
screen excitation is explained. It is then shown how shortening the 
duration of screen excitation reduces the screen efficiency of the tube 
as a consequence of energy lost by non-radiative dissipation. 


(1) INTRODUCTION 


The screen efficiency of a cathode-ray tube designates the 
ratio between the luminescent radiation emitted from the tube 
and the electrical power carried in the electron beam to excite 
the screen; it depends on a number of factors inherent in the 
design, construction and operation of the tube, namely 

(a) The intrinsic luminescent efficiency of the phosphor employed 
to make the screen. 

(6) The thickness and physical structure of the screen, which 
consists either of a texture of crystalline phosphor-powder particles 
or of a semi-transparent phosphor film. 

(c) The method of screen laying. 

(ad) The absence or presence of a metal film at the back of the 
screen. 

(e) The condition of screen excitation, i.e. electron velocity and 
current density of the electron beam at the screen, duration of the 
screen excitation and any previous excitation. 

(f) The transmission properties of the cathode-ray-tube face. 

(g) The spectral distribution of luminescent radiation. 

(A) The properties of the optical system and of the photographic 
material if the cathode-ray oscillograph operates with photographic 
recording of the trace. 

The efficiency of screens with phosphor crystals was investi- 
gated by Hopkinson! in respect of the influence of phosphor 
particle size, screen thickness, method of screen laying, condition 
of screen excitation, and various types of phosphor. Bril and 
Klasens* determined the intrinsic efficiency of a number of 
crystalline phosphors and measured also the increase of screen 
efficiency caused by an aluminium film at the back of the screen. 

It is of interest to examine the particular conditions affecting 
the screen efficiency of a cathode-ray tube used for high-speed 
oscillography. 


(2) MECHANISM OF LUMINESCENT RADIATION IN 
HIGH-SPEED OSCILLOGRAPH PHOSPHORS 

The phenomenon of luminescence in a phosphor is now 
generally explained with the concept that a phosphor is based on 
a pure insulating crystal which is made luminescent by the 
addition of a small proportion of so-called ‘impurity atoms’ 
which are supposed to occupy interstitial or substitutional 
positions in the matrix lattice. Impurity atoms or other irregu- 
larities in the crystal lattice give rise to localized energy states of 
electrons in the crystal which are responsible for the mechanism 
of luminescence when the phosphor is excited, either by irradia- 
tion of electromagnetic energy or by electron bombardment as 
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in a cathode-ray tube. Two types of localized electron energy | 
states are believed to exist in a phosphor crystal, namely the) 
so-called ‘luminescence centres’ at which excited electrons—the } 
result of energy absorption during phosphor excitation—return |; 
to the ground state, thus causing the emission of luminescent K 
radiation, and the so-called ‘electron traps’, which are capable |) 
of capturing electrons excited to the energy level of the con-)) 
duction state. A trap holds a captured electron until its release i 
as a consequence of thermal agitation, and electrons released , 
from electron traps may either be retrapped or may move to a’ 
luminescence centre to return there to the ground state with a// 
resultant emission of luminescent radiation. j 
The mean time interval between electron excitation and retull 
to the ground state, i.e. the mean life-time of an excited electron’ 
in the phosphor, determines the persistence-decay characteristic | 
of the phosphor. This is exponential and has a short time- 
constant in those phosphors where the excited electrons spend 
their life-time in luminescence centres without being trapped, 
but it is complex and the decay time may be long if the phosphor 
has such a structure that excited electrons are trapped befam F 
returning to the ground state. 
A persistence-decay characteristic which has been obtain 
experimentally is shown in Fig. 1, the experimental technique} 
being described in Section 7. The phosphor investigated is a | 
blue-radiating silver-activated zinc-sulphide of a type used for 
high-speed-oscillograph cathode-ray tubes. Fig. 1 is plotted on : 
a semi-logarithmic co-ordinate system to facilitate an analysis} 
of its character: the linear section demonstrates an exponential 
decay with a short time-constant, which indicates that excited) 
electrons spend their life-time in luminescence centres without) 
passing through an electron trap, and the non-linear section, for! 
the first 3-4 microsec of persistence, shows that during this time/| 
a small fraction of luminance is produced by electrons which 
were trapped after excitation. The shaded area in Fig. 1 isa} 


measure of the magnitude of the total effect of electron trapping. i 


(3) PHOSPHOR PERFORMANCE IN SHORT-PULSE 

OPERATION | 
Fig. 2 shows beam-current square-wave pulses of various 
durations but uniform magnitude and the corresponding screen- 
luminance pulses obtained with the cathode-ray tube (and hence’ 
the same phosphor) used to obtain the persistence characteristic . 
shown in Fig. 1. The accelerator voltage of the tube, which had 
an aluminized screen, was 15kV and the beam current- density B 
was about 5mA/cm?. The luminance curves (a), (b) and (c) in} 
Fig. 2 correspond to beam-pulse durations of 30, 10 and 
2 microsec, respectively; they show that the screen luminance 
rises exponentially, reaching a steady-state value if the beam- 
pulse duration is sufficiently long, but otherwise being chopped. 
off during the rise when the beam-pulse duration is short. 
The decay sections also obey the same law as the persistence) 
characteristic, which is thus independent of the duration of 
phosphor excitation. The experimental technique employed to 
obtain the curves of Fig. 2 is described in Section 7. 
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. 1.—Experimentally obtained persistence-decay characteristic of a 
blue-radiating silver-activated zinc-sulphide phosphor used for 
high-speed-oscillograph cathode-ray tubes. 


Tt 


— ——_— 
19) > 10 15 20 25 3 35 40 
TIME ,MICROSEC 


45 50 55 


g. 2.—Experimentally obtained luminance pulses for various dura- 


tions of phosphor excitation with the same phosphor as for 
Fig. 1. 

(a) 30 microsec pulse. 

(b) 10 microsec pulse. 

(c) 2 microsec pulse. 


‘The rise and decay of luminance are the result of energy 
oiige during the luminance rise time and release during the 
sey time. Energy is stored in the form of excited electrons 
hvh, because of their short life-times, are continuously 
‘p enished. It is of interest to consider the energy relationship 
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Fig. 3.—Luminance pulse with idealized persistence decay. 


between storage and release. Fig. 3 shows a slightly idealized 
luminance pulse based on the luminance curves in Fig. 2. The 
luminance rise, L,, is exponential, in line with Fig. 2, and the 
luminance decay, Ly, is also exponential, but is an approxima- 
tion compared with Fig. 2. Let L, be the steady-state luminance, 
t, the duration of the beam-current pulse and hence of phosphor 
excitation, and 7, and 7, the time-constants of luminance rise 
and decay. 


Then 


and 


L, = L401 — e—#) 
C= — e—rl=r)g—C—tp)Ira 


(1) 
(2) 


The energy, W,, stored in excited electrons may be considered 


to be proportional to the vertically shaded area in Fig. 3. Thus, 
from eqn. (1), 
tp 
W, =| L,— Lat 
0 
= Lar (1 — e— tlt) (3) 


The energy, W>, released during decay is proportional to the 
horizontally shaded area in Fig. 3. Therefore, from eqn. (2), 


W, = | Laat 
ty 


= Tir doe) a 


Thus, from eqns. (3) and (4), 


W.[W, =Talt, « (5) 
In practice we have tT, < 7,3; therefore, 
Wi<W,. (6) 


The difference between W, and W, is energy lost in the form of 
non-radiative dissipation. 

In Fig. 2 7, = 8-4microsec and, for the exponential section 
of the luminance decay, Tyg = 6:Omicrosec; therefore W/W, 
= 0-7. Considering the approximation postulated to derive 
eqn. (5) we find that somewhat more than 30% of the energy 
stored during luminance rise is lost in non-radiative dissipation. 


(4) SCREEN EFFICIENCY IN HIGH-SPEED-OSCILLOGRAPH 
OPERATION 

The spot velocity, v, on the screen of a cathode-ray tube and 
the spot diameter, d, determine the duration, ¢,, of phosphor 
excitation during a single sweep of the electron beam across the 
screen, i.€. t, = djv. The minimum spot velocity under given 
conditions of tube operation occurs when no signal deflection is 
applied. Consider, for example, a tube operating with a time- 
base of 100mm length and a linear sweep time of 1 microsec, 
and with a spot diameter of 0-3mm. The minimum spot velocity 
then becomes 100mm/microsec and the maximum phosphor 
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excitation time is 0-003 microsec. A phosphor with luminance 
rise and decay characteristics as shown in Fig. 2 produces at 
such short phosphor excitation times a luminance pulse with a 
shape probably somewhat similar to curve (c) in Fig. 2. 

The luminance curves in Fig. 2 demonstrate that reducing the 
duration of phosphor excitation results in an increase of the 
ratio of luminescent radiation during the decay time to that 
during the rise time. This increase in the ratio reduces the 
screen efficiency, because the energy released as luminescent 
radiation during the decay time is smaller than that stored in 
excited electrons during the rise time [see eqn. (6)]. Let W3 be 
the energy of luminescent radiation of a luminance pulse, and W4 
the respective energy supplied. 


by ee) 
Then W; = [ Zar + L,dt 
“0 tp 
= Ln if — (7; — Tq) —- e~ tlt) ] ° - (7) 
tp 
and W, = Ly,dt 
0 
= Lyt, . . . . . ° ° (8) 
1 — 1 — em telts 
Hence aan eats pee ate Se Ts ese (9) 
tT, 
For t, <7;, eqn. (9) becomes 
W3[W, =Talt, . (10) 


The ratio 7,/7, is the measure of the loss of energy between 
storage and release. 

In the example of the cathode-ray tube under consideration 
we have Tq/T, = 0-7,7, = 8-4 microsec and ¢, = 0-003 microsec. 
Thus, eqn. (10) applies, and we obtain W3/W,=0-7. Since 
the calculation has been made by approximation, the result 
means that the short excitation because of the high spot velocity 
reduces the efficiency of the phosphor to below 70% of the 
value at steady-state excitation. 

The shape of the luminance pulse may be very different from 
curve (c) in Fig. 2 when the spot velocity is very high, say 
5 x 10°mm/microsec or more, as was obtained, for example, 
with a spot diameter of 0-5mm in an oscillograph cathode-ray 
tube of a particular design? also containing a screen phosphor 
of the type used in the tube with which the curves in Figs. 1 and 2 
were obtained. At v =5 x 10°mm/microsec and d = 0-5mm 
the duration of phosphor excitation during a single sweep of the 
beam is 1 x 10~®microsec, which means that luminescent 
radiation probably starts virtually abruptly and when the 
excitation has already ceased. Without any further experimental 
evidence it is not possible to state how the efficiency of the 
phosphor is affected by the shape of the luminance pulse in the 
case of very high spot velocity. 

In addition to the effects discussed, the screen efficiency of a 
high-speed oscillograph cathode-ray tube is further affected by 
the behaviour of the photographic material used to record the 
trace. The subject of photography at very short exposure times 
is complex and not yet clarified.+:> It is therefore not possible 
at present to complete the picture of the factors which determine 
the screen efficiency of a high-speed-oscillograph cathode-ray 
tube. 
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(5) CONCLUSIONS 


The particular conditions which affect the screen efficiency 0 
a cathode-ray tube employed for high-speed oscillography ar 
the reduction of the efficiency of the phosphor as a consequence 
of a certain non-radiative dissipation of energy becomins 
significant at high spot velocities, and the behaviour at very 


short exposure times of the photographic material used t 
record the trace. 
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(7) APPENDIX 


The method applied in the experimental technique used t 
obtain the curves in Figs. 1 and 2 was based on a cathode-ray 
tube of a suitable design and with a screen made of the phospho? 
to be investigated. The screen was excited with a recurren 
square-wave beam current pulse of known magnitude anc 
duration, and an electron-multiplier photocell converted thc 
luminance pulse from the screen into a corresponding curren 
pulse which controlled a wide-band amplifier whose outpu 
voltage pulse was displayed on the screen of a high-speec 
cathode-ray oscillograph. The time-base of the oscillograph 
was triggered in synchronism and appropriate phase relationshi 
with the beam current pulse of the cathode-ray tube unde 
investigation. It was convenient for the operation of the systen 
to use the mains supply as the source of recurrence frequency 
giving sufficiently long intervals of about 20millisec betwee 
successive pulses. 

The cathode-ray tube employed for the investigation of thi 
phosphor performance was of a type operating with heavy beam 
current pulses, the beam exciting the entire screen simultaneous 
and uniformly.© The magnitude of the beam current pulse 
was 100mA, giving a current density of about 5mA/cm? at th 
screen. For obtaining the curve shown in Fig. 1 the beam 
current-pulse duration was about 100microsec, to ensure : 
steady-state condition of luminance at the end of each excitatioi 
pulse. For the curves in Fig. 2 the pulse durations were respec 
tively 30, 10 and 2 microsec. 


SUMMARY 

The occurrence of mistakes, i.e. drop-outs, in the recording and 
yproduction of pulse signals on magnetic tape is investigated. The 
hanisms of recording and reproduction are discussed for return-to- 
«ro and non-return-to-zero recording, and their susceptibility to drop- 
fats is assessed. Conditions for minimizing the occurrence of drop- 
fats using conventional recording methods are considered, and new 
cording systems are suggested and described which are insensitive to 
.e majority of drop-outs. 

»An experimental test apparatus for detecting drop-outs and 
asuring their size is described which may be used to test tape under 
idely varying conditions of recording. This is used to study the 
ects of different plastic base materials on tape performance for data 
sording. The drop-out content of present-day tapes is measured, 
nd an economical performance specification is suggested. 


(1) INTRODUCTION 


The major weakness in using magnetic tape as a storage 
,.edium in data-handling equipment is its susceptibility to errors 
‘ac to momentary imperfections in the recording or reproducing 
rocesses. One purpose of the paper is to investigate how far 
“ese imperfections may be related to faults in the magnetic 
,pe or to the system of recording and reproducing. For 
accessful operation, tape faults should preferably not occur, 
ithough it is possible to avoid them in recording if their location 
_ known. It is therefore necessary to test tape in a way which 
lili locate possible faults for any system of data recording, and 
\suitable test apparatus is described. 

| Whatever method of recording or reproducing is used in an 
Dplication of tape for data recording, the aim is to reproduce 
ithfully the number of pulses in the signal to be recorded and 
‘so to maintain their time sequence. In other words, the signal, 
onsisting of a series of pulses spaced in time according to some 
redetermined code, must be reproduced without any loss or 
ddition of pulses. By far the most common fault occurring 
1 magnetic recording of pulses is one which momentarily 
sparates the tape from the recording or the reproducing head, 
ius causing loss of amplitude of the reproducing signal. In 
ata recording it is only necessary to know whether a pulse 
<ists or not at any particular time. Hence a reduction in ampli- 
ide of the reproducing signal can be tolerated, provided that the 
ulses can be distinguished absolutely from the accompanying 
aise. When, for a given recording and reproducing system, the 
producing signal falls below this limit, a faulty reproduction 
f the original signal occurs, and this is called a ‘drop-out’. 
sveral data-recording systems are at present in vogue, and in 
rder to guarantee freedom from drop-outs the testing method 
ust include conditions of recording and reproducing similar to 
se to be used in practice, even though the latter may not 
ways produce a minimum of drop-outs. 


(2) DATA-RECORDING SYSTEMS 
(2.1) Recorded Pulse Density 


i is the aim of all data-recording systems to use the maximum 
ise packing density on the tape compatible with absolute 
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reliability. This has led to the use of multi-track recordings, 
and a system in common use requires a tape width of 0:045in 
for each recording, with 0-015in between recordings. Other 
track dimensions are also used, and, since the effect of a tape 
imperfection on a recording depends on its lateral position with 
respect to the recording, it is important that the track dimensions 
used in the test apparatus should conform with those used in 
practice. 

In each recorded track, the main limitation on the number of 
pulses per unit length of track is the increase of variations in 
the reproducing-signal amplitude with pulse packing density. 
However, with some systems, the inability to distinguish a pulse 
from its neighbour also limits the packing density. At present, 
between 100 and 200 pulses per inch of tape per track can be used 
satisfactorily. 


(2.2) The Recording System 
(2.2.1) Non-Return-to-Zero Recording. 


The recording system having widest application is one which 
saturates the magnetic oxide in the longitudinal direction of the 
tape. The direction of magnetization changes through 180° in 
accordance with direction changes of the field in the gap of the 
recording head. The changes in head-field direction are usually 
rapid, and the spread of the transition region of magnetization 
on the tape is determined largely by the dimensions of the 
recording-head gap, the magnetic characteristics of the tape, and 
the separation between the head and the tape. Fig. 1 illustrates 
the tape and head dimensions relevant to the discussion of con- 
ventional longitudinal recording and reproducing systems. Up 
to 400 reversals of magnetization direction per inch of tape are 
used [Fig. 2(a)], and such a recording will thus consist of 400 
magnets per inch, alternately magnetized to maximum remanent 
induction, separated by transition regions where the magnetiza- 
tion changes rapidly [Fig. 2(b)]. Since a surface magnetic field 
exists at the transition regions, their extent may be made visible 
with a field indicator such as colloidal magnetite. A recording 
similar to that shown in Fig. 2()) is reproduced in Fig. 3, in which 
the black lines of magnetite deposits indicate that the transition 
regions are slightly narrower than the fully magnetized regions. 

Two conflicting requirements emerge when considering the 
design of the recording head for the type of recording described 
(called non-return to zero). In order to reduce the separation 
loss when a pimple on the tape momentarily lifts the tape away 
from the gap, it is desirable that the rate of extinction of the 
recording field be as small as possible in the direction of separa- 
tion. This is achieved with a long recording-head gap, gap 
length being measured in the direction of tape travel. On the 
other hand, in order to produce sharply defined pulses it is 
necessary to minimize the spread of the transition region on the 
tape between the two states of maximum remanent induction. 
This is achieved with maximum rate of extinction of the longi- 
tudinal recording field from the saturating value. The maxi- 
mum rate of extinction occurs near the trailing edge of the gap, 
and in order to record at this point the field must be sufficient 
to saturate the tape at the trailing edge, otherwise recording will 
take place between the pole-pieces of the head, where the rate of 
extinction may be low, The rate of extinction will be related to 
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(a) 


(vi) 


(ii) 


(i) (6) 


Fig. 1.—Definitions used in the paper. 
(i) Head gap. (ii) Head/tape separation. 
(iii) Head core. (iv) Tape. q ; 
(v) Head winding. (vi) Magnetic layer of tape. 
(a) Recording or reproducing head with tape. 
(6) Enlargement showing head gap and tape. 
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Fig, 2.—Waveforms for non-return-to-zero recording. 


the gap length and will be higher for small gaps. Hence, some 
compromise must be made between the desirable features of 
sharp pulses and minimum susceptibility to separation loss. 

In order to determine the separation loss appropriate to a 
0-001in gap length, the relationship between the reproducing 
voltage and the recording current for a recording signal, similar 
in form to that shown in Fig. 2(a), was determined for different 
spacings between the recording head and the magnetic layer of 
the tape. The curves, appropriate to 200 reversals of mag- 
netization per inch of tape, are shown in Fig. 4. The maximum 
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Fig. 3.—Non-return-to-zero recording. 


Recording-head gap length = 0-001 in. 
Magnification x 26. 
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Fig. 4.—Recording losses due to separation (n.r.z.). 


100 pulses per inch. 

Tape length between reversals of magnetization = 0-005in. 
a = Head/tape separation, in x 10-3. 

Gap length = 0-001 in. 


reproducing voltage occurs when the recording field at the 
trailing edge is sufficient to saturate the magnetic layer throughout 

its thickness (0:0005in) and when the rate of longitudinal 

extinction of the recording field below that required to saturate 

the tape is a maximum. 

It is seen from Fig. 4 that a drop-out, which separates the head 
and tape by a distance equal to the oxide thickness, causes mini- 
mum loss of reproducing signal for recording currents in excess 
of twice that required to produce normal maximum output. 
For the latter recording current, the separation loss is about four 
times greater. Drop-outs of this magnitude are a maximum that 
can be tolerated due to separation loss on reproduction, and so a 
figure of double the recording current for normal maximum 
output may be taken as optimum for the conditions considered. 
For smaller gap lengths, the rate of extinction of the recording 
field with separation from the head is greater, and relatively 
larger recording currents would be required to produce a mini- 
mum separation loss. 


(2.2.2) Return-to-Zero Recording. 


As the name suggests, with return-to-zero recording the tape is 
unmagnetized in the regions between the recording pulses. The 
recording consists of pulses of either positive or negative mag- 
netizing fields, which are short in duration compared with the 
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Fig. 5.—Waveforms for return-to-zero recording. 


petition period. A typical return-to-zero (r.t.z.) signal con- 
‘sng of unidirectional pulses is shown in Fig. 5(a), where the 
cording-head magnetizing current, during the pulse, is sufficient 
0 saturate the tape. The resulting colloidal magnetite patterns 
ff this type of recording are shown in Fig. 6. 


Fig. 6.—Return-to-zero recordings. 


Recording-head gap length = 0-001 in. 
Magnification x 26. 


The mechanism of recording with a signal of the type shown in 
tig. 5(a) is different from that described in the previous Section. 
rhe length of the pulse of magnetization on the tape will depend 
m the length of the recording-head gap, and also on the length 
f tape which traverses the gap during the time that the pulse 
eld is on. In this case, recording takes place across the whole 
sngth of the gap, rather than just at the trailing edge as described 
6° non-return-to-zero (n.r.z.) recording, and hence a minimum 
-p2th of the recorded pulse is set by the length of the recording- 
ead gap. In the experiments to be described a gap length of 
-901in and a pulse length along the tape of about 0-001 in are 
sed. The pulse repetition length is 0-Olin, and the tape is 
ne refore subjected to 100 pulses of saturating recording field per 
wh, where each pulse extends about 0-002 in along the tape. 

t is observed from colloidal magnetite patterns (Fig. 6) that 
» length of the recorded pulse increases with an increase of 
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recording current above that required to produce maximum 
reproducing signal, i.e. saturation of the tape. The upper half 
of Fig. 6 corresponds to a recording current just sufficient to 
saturate the tape, and the lower half, to twice this current. An 
increase of recorded pulse length from 0-0025in to 0:0035in 
results from this increase of recording current. Since the record- 
ing pulse has a finite rise-time, an increase of recording current 
will result in tape saturation for a longer time and, in addition, 
the recording field will be lengthened beyond the limits of the 
recording-head gap. These effects account for the increase of 
recorded pulse length. 

The spread of the recorded pulse sets a limit to the pulse 
packing density when an r.t.z. system of recording is used, and 
three states of magnetization have to be distinguished. In 
Fig. 7 the peak reproducing voltage is plotted as a function of 
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Fig. 7.—Recording losses due to separation (r.t.z.). 


100 pulses per inch. 

Pulse length on tape = 0-000 Sin. 

a = Head/tape separation, in x 10-3, 
Gap length = 0-001 in. 


recording current for zero and 0-000 5 in head-to-tape separation. 
It is seen, by comparison with Fig. 4, that approximately the 
same peak recording current is required to minimize the loss due 
to 0:0005in separation. Colloidal magnetite patterns show for 
this recording current that the length of the magnetized pulse for 
the recording conditions described is about 0:003in. With such 
a recording, about 100 pulses per inch may be accommodated 
without interference between adjacent pulses. It would be 
expected that shorter recording-head gaps would produce shorter 
recorded pulses. However, the resulting restriction of longi- 
tudinal field is small when sufficient field is produced to saturate 
the tape. A shorter pulse is also produced when the length of 
tape passing the gap during the time of the pulse is negligible 
compared with the gap length. In this case the length of the 
recorded pulse for a 0-001in recording-head gap is about 
0-002 in. 
(2.3) The Reproducing System 
(2.3.1) Conventional Contact Reproducing. 


It is a general aim in data recording to attempt to obtain a 
minimum spread of the reproducing voltage pulses, so that the 
pulse packing on the tape is not limited by the difficulty of 
distinguishing one pulse from its neighbour. The reproducing 
system response will now be considered in the light of the desirable 
features of minimum sensitivity to drop-outs, along with the 
preservation of reproducing voltage pulses which are large in 
amplitude and short in duration. 

The overall wavelength response of the reproducing chain will 
depend on the head-to-tape separation, the gap length and the 
frequency response of the reproducing system. It has been 
shown that the general design of the head itself also has a marked 
effect,! but this discussion will be confined to standard ring-type 
heads, since these at present have universal application, and the 
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main purpose of this investigation is to establish a method of 
testing data-recording tape using present techniques of recording 
and reproduction. 

For an n.r.z. recording the reproducing voltage waveform is of 
the form shown in Fig. 2(c), and for an r.t.z. recording it is similar 
to that shown in Fig. 5(c). Increasing the short-wavelength 
response of the reproducing system improves the sharpness of 
the voltage pulses, and a limit to this is set only by the maximum 
rate of change of the magnetic flux in the reproducing-head core. 
In order to achieve sharpness of the reproducing pulses it is 
necessary to ensure that the reproducing head does not introduce 
high losses for the maximum tape surface flux-density gradient. 
The maximum will occur at the surface of the tape in the middle 
of the magnetization transition region. Losses will be small if 
the pole-tips of the head are separated by a distance (i.e. gap 
length) which is less than the total transition length and if they 
make good contact with the tape. When the tape is separated 
from the reproducing head, rapid initial decrease occurs in the 
surface flux intercepted by the heads, owing to loss of the short- 
wavelength components of the surface flux. The loss of repro- 
ducing voltage with separation, for the two systems of recording 
previously described, is shown in Fig. 8, curves (a) and (5), for a 
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Fig. 8.—Separation losses on replay. 


Recorded signal 100 pulses per inch. 
Reproducing-head gap length = 0-000 Sin. 


gap length of 0:000S5in. In both cases the repetition length of 
the recorded signal is 0:01 in. 

The use of a somewhat longer gap in the reproducing head 
does not materially alter the reproducing voltage, since the 
resulting loss of the short-wavelength component of the signal is 
partially compensated by the increased sensitivity of the head due 
to its greater gap reluctance. In addition, since the short- 
wavelength components are thus attenuated, the initial separation 
loss is less severe than in the previous case and drop-outs are less 
apparent. 

In practice, some applications demand maximum sharpness of 
the reproducing pulse. Good contact between the tape and the 
head is essential in this case. A reproducing-head gap length not 
greater than half the transition length is used, and the bandwidth 
of the reproducing amplifier is wide enough to avoid attenuation 
of the high-frequency components of the reproducing signal. On 
the other hand, some applications can benefit by accepting a 
lower definition of reproducing voltage pulse, and in these cases 
a reduction in sensitivity to drop-outs can be achieved by 
deliberate separation of the tape from the reproducing-head 
pole-pieces. A second advantage is that a reduction of wear on 
the reproducing head is obtained. Non-contact systems will now 
be considered in more detail. 


FOR DATA RECORDING 


(2.3.2) Non-Contact Methods of Reproduction. 


Observations of the causes of drop-outs with conventional 
recording and reproducing systems indicate that the majority are. 
caused by momentary separation of the tape from the head, 
There are many different reasons for this separation loss, but in | 
nearly all cases the layer of magnetic material is intact and capable 
of being magnetized in the normal manner. Hence, any record-) 
ing or reproducing-head system which does not have the usual 
separation-loss characteristic (Fig. 8) will be immune from the 
majority of drop-outs. $ 

One suggested system uses out-of-contact recording and repro- 
ducing in a similar manner to a magnetic drum. The tape is run 
with its plastic backing in contact with a stationary drum, and the | 
recording/reproducing head is placed with its gap facing the drum | 
and separated by a small distance (say 0-0005in) from the 
magnetic-oxide layer. With such a non-contact system, oxide 
clumps and extraneous foreign particles either have no effect on 
the reproducing voltage or they increase it. Drop-outs are due | 
only to thickness reductions in the magnetic layer or in the plastic | 
base material. A study of Figs. 4 and 8 reveals that for DTZ. 
recording the overall loss due to changes in base thickness is | 
about 1-5dB for a 0-:0001 in increase of separation beyond the. 
normal 0:005in, provided that a large recording current is used. | 
Thus, if the total tape-thickness variation is the same as the base 
variation, a reduction of 0-0004 in is the allowable tolerance for 
a maximum of 6dB drop-outs. Z 

The disadvantage of amplitude variations due to changes in 
base thickness may be overcome by using a double-head system,” 
where the stationary drum of the system just described is replaced - 
by a second similar recording or reproducing head. The two 
heads are rigidly mounted so that the gaps face each other and | 
are exactly parallel and opposite, as shown in Fig. 9. The 
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Fig. 9.—Diagram of two-head recording/reproducing system. 


distance between the gaps is preferably equal to the thickness of 
the magnetic layer plus two thicknesses of base material, so that 
when the tape is transported with the base material in contact 
with one head the oxide layer is equidistant from the two. The 
variation of reproducing voltage in the two heads with movement 
of the recorded layer between the heads is shown in curves (a) 
and (c) of Fig. 8, where the abscissa represents the separation 
between the head surface and the adjacent oxide surface. The 
tape-base thickness is assumed to be 0-001 in. The two windings 
on the heads are connected in series, so that the induced voltages 
from changes of flux in the tape opposite the gaps are additive. 
The corresponding curve of the resultant reproducing voltage in 
the heads as a function of distance of the oxide from one of the 
heads is shown in curve (d) of Fig. 8. 

Used in this way, loss of recording flux or reproducing voltage 
is avoided when a drop-out causes the tape to move away from 
one gap, since loss of signal by one head is compensated by gain 
in the other. For instance, on replaying an n.r.z. recording, the 
loss of signal for a displacement of 0-000 5in from a single head 
is 6 dB, whereas a displacement of +0-0005 in with the two-head 
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stem produces a small increase of signal of about 1:-5dB. The 

‘ormal output from the two-head system is about 4dB below 

.at from contact reproduction on a single head for the con- 
itions described. 


(2.4) Accidental Pulse Recording 


| Having considered the factors which contribute to the loss of 
mplitude of pulse signals when recording and reproducing from 
pe, it is necessary to discuss the possibilities of recording and 
producing pulses which do not exist in the original signal. 
wccidental pulse recording can occur in n.r.z. recordings when a 
pe imperfection occurs in a position where no changes in 
»cording current exist. If the tape were uniform in such a case, 
) would be magnetized to saturation by the recording head in 
Jae direction only. However, if the tape is momentarily lifted 
way from the recording head, the oxide layer may be lifted 
(to a non-saturating field. Alternatively, if there is a small hole 
_. the oxide layer, a reduction of magnetization will occur and 
arface magnetic fields would be associated with such imper- 
sections, as illustrated in Fig. 10. These local surface fields 
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“ifig. 10.—Surface magnetic fields near tape faults for d.c. recording. 


yould give rise to voltages in the reproducing head which may be 
‘uterpreted by the reproducing system as pulses in the recording 
‘enal. 
‘| It is apparent that the causes of the noise pulses just described 
‘ad of drop-outs are due to similar tape imperfections. How- 
ever, as will be explained, the relative severities of the two faults 
+i the reproducing signal are not the same for all types of imper- 
sctions, and separate testing methods are required to ensure 
nat a tape is perfect for data recording. 
. The change in reproducing voltage for both drop-outs and 
‘ioise pulses depends on the rate of change of flux in the repro- 
wicing head, i.e. on the product of the tape speed and rate of 
‘nange of flux along the tape. For drop-outs, the latter figure 
« determined by the rate of change of the recorded signal, which 
| high compared with the rate of change due to the localized 
eparation loss. On the other hand, for noise pulses the rate of 
nange of the surface field depends on the rate of change of 
sparation loss. Hence, considering faults which cause separa- 
yon loss, the severity of drop-outs depends on the separation of 
ne tape from the heads, but the severity of noise pulses depends 
n the rate at which this separation occurs. It will be necessary, 
men, in considering the design of a comprehensive drop-out test 
paratus, to be able to detect both momentary reductions of the 
~producing voltage of a pulse recording, and the spurious 
loltage pulses occurring on replaying a recording of a tape 
‘arated in one longitudinal direction. 


(3) DESIGN OF DROP-OUT TESTING APPARATUS 
| (3.1) General Design Considerations 


it can be concluded, from the considerations of the various 
ms ding and reproducing systems used for data storage on tape, 
ne no single testing method could respond, by selection, to 
‘ese particular drop-outs which occur in any one system. For 
‘asvance, the commonest cause of drop-outs in the n.r.z. single- 
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head non-contact method (thin base) does not cause drop-outs 
with n.r.z. contact recording. Vice versa, separation loss, 
common with contact recording, does not cause drop-outs with 
the non-contact methods. Thus, contact and non-contact 
recording demand their own appropriate test methods, but since 
the majority of applications at present employ contact recording 
and reproducing this system is chosen for the test apparatus. The 
choice between n.r.z. and r.t.z. recording methods for the test 
apparatus is fairly easy, since either method can produce a 
comparable test for the other. N.R.Z. recording has the 
advantage for testing purposes that it is self-erasing and a 
tape may be automatically stopped when a fault occurs and 
recorded over the fault to investigate its permanence. The 
curves relating reproducing voltage output, head-to-tape separa- 
tion and recording current (Figs. 4 and 7) for the two systems 
may be used to choose a recording current for n.r.z. recording 
which gives the same separation loss as an r.t.z. application. In 
this way equivalent n.r.z. tests can be performed when it is desired 
to test for r.t.z. applications. 
The requirements for the test apparatus are as follows: 

(a) To detect when any one of a number of reproducing signals is 
attenuated by a predetermined fraction of the normal maximum 
reproducing voltage. 

(5) To register this event either as a permanent count or by stop- 
ping the tape machine. 

(c) To register as a permanent count the number of reproducing 
pulses whose amplitude falls below the predetermined fraction. 

(d) To be able to measure (a) and (4) over a range of frequencies, 
so that a number of different pulse densities and tape speeds may be 
accommodated. 

(e) To detect and count reproducing voltage pulses of a pre- 


determined amplitude occurring when unidirectionally saturated tape 
is replayed. 


(3.2) Design and Circuit Arrangement of Drop-Out Tester 
(3.2.1) Recording/Reproducing Equipment. 

The equipment was initially designed to test tape in the range 
of 50-200 pulses per inch. N.R.Z. contact recording is used, and 
hence the maximum pulse rate records 400 reversals of magnetiza- 
tion per inch of tape, as shown in Fig. 2(b). Conventional 
ring-type recording and reproducing heads are used, with gaps to 
suit the pulse-density range and the type of recording, as dis- 
cussed in Section 2. The recording head is slightly wider than 
the tape and the recording-head gap-length used is 0:001lin. A 
multi-track head is used for replaying the full track recording. 
Each track is 0:045in wide and separated from adjacent tracks 
by 0:015in. The reproducing-head gap-lengths are 0-000 5 in. 
Most tests are made with tape speeds of 30in/s and 15in/s and a 
recording frequency of 3kc/s, thereby recording the most 
commonly used pulse densities of 100 and 200 pulses per inch. 


(3.2.2) Electronic Design. 

A block diagram of the electronic functions is shown in Fig. 11. 
Each reproducing signal is fed into a monostable flip-flop, which 
delivers a square voltage output pulse each time the instantaneous 
input voltage exceeds a certain threshold level and so performs 
the function of discriminator and squarer. Between the repro- 
ducing head and this flip-flop a wide-band pre-amplifier produces 
a reproducing signal whose peak voltage can be set at a pre- 
determined known multiple of the threshold voltage of the flip- 
flop. Hence, if any reproducing signal then reduces in amplitude 
to the threshold level, the constant-voltage square-wave output 
will stop. Fig. 12 shows the reproducing signals of two tracks, 
one having an amplitude reduction below the threshold level. 
The resulting absence of square-wave flip-flop pulses is also 
shown. 

The square-wave flip-flop outputs are then combined in two 
gates. These gates are well known in computing circuits as 
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Fig. 11.—Block diagram of drop-out tester. 


‘and’ gates and ‘or’ gates. The ‘and’ gate produces square-wave 
output pulses similar to the input pulses, provided that the pulses 
on all inputs are present. In other words, the instantaneous 
output voltage rises when all the inputs have risen, and it stays 
at this level until any one input falls. Hence, when a pulse is 
missing on any input the output also misses a pulse. Also, 
allowing for slight differences in phase of the input signals, the 
output voltage pulses will be slightly narrower than the input 
pulses. This narrowing of the ‘and’ pulses is a necessary feature 
of the system and is accentuated for clarity in Fig. 12(e). Usually, 
the greater the number of reproducing tracks the greater the 
overall phase difference between the flip-flop signals and the 
narrower the resulting ‘and’ pulse. 

The second gate, known as an ‘or’ gate, is also connected 
across the flip-flop outputs, and this delivers a square-wave output 
if such a signal exists on any one of the inputs. In this case, as 
soon as any input voltage rises, the output of the gate rises 
similarly and falls again when all the inputs have fallen. The 
pulse output of the ‘or’ gate is therefore wider than the input 
pulses, if a phase difference exists, and it disappears only if all 
the inputs disappear [Fig. 12(/)]. 

Thus two signals are obtained, one which may be considered 
as a standard signal (‘or’) and one which disappears during a 
drop-out (‘and’). Sharp pulses are derived from the ‘or’ signal 
[Fig. 12(h)] by using a differentiating circuit, and these are applied 
to a Dekatron counter which displays the total number of ‘or’ 
pulses applied to the counter. However, in the absence of a 
drop-out the ‘or’ pulses are prevented from reaching the counter 
by the ‘and’ signal. When the ‘and’ signal disappears the ‘or’ 
pulses are counted and hence the number of pulses in the drop-out 
is recorded. In order to perform the inhibiting function, the 
negative ‘and’ pulses [Fig. 12(g)] are fed to a monostable flip-flop 
which gives a positive square-wave for each ‘and’ pulse, of suffi- 
cient length to envelope the corresponding ‘or’ pulse [Fig. 12(/)]. 
These two signals are then added together and clipped to detect 
negative signals. These will occur only when the flip-flop output 
is zero at the time when an ‘or’ pulse occurs, i.e. when the ‘and’ 
signal is missing. Hence an output is obtained for the duration 
of the drop-out [Fig. 12(k)]. The ‘or’ pulses are also fed to a 
second counter via a long-time-constant flip-flop which passes a 
single pulse to the counter for each drop-out. 
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Fig. 12.—Waveforms in drop-out tester. 


(a) Reproducing signal, head 1. 

(b) Reproducing signal, head 2. 

(c) Flip-flop output, head 1. 

(d) Flip-fiop output, head 2. 

(e) ‘And’ gate output. 

(f) ‘Or’ gate output. 

(g) Differentiated ‘and’ negative signal. 
(h) Differentiated ‘or’ negative signal. 

(j) Monostable flip-flop triggered by (f). 
(k) Added (A) and (j) negative signal. 
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2.2.3) Detection of Noise Pulses. 


In addition to drop-out detection and counting, a second 
‘inction of the test equipment is the ability to count spurious 
producing voltage pulses which may occur on a unidirectionally 
iturated tape. The recording signal in this case is a constant 
cording field produced by a d.c. head current equal to the 
‘ormal peak head current used in pulse recording. In the 
»producing chain, the gain of the pre-amplifier is increased so 
aat the output reaches the threshold voltage of the monostable 
»p-fiop for an input signal which is one-tenth of the normal 
put of a pulse recording. Thus, a noise pulse of this amplitude 
curring in any one of the reproducing channels will operate 
“xe appropriate flip-flop, and an ‘or’ signal will be generated. 


‘oerated by the noise signal, and this is a most improbable event. 
»ence, the ‘or’ signal will be counted, and in this way the noise 
‘uilses occurring on replaying a saturated tape are recorded. 


i (4) TAPE PERFORMANCE IN DATA RECORDING 
(4.1) Drop-Outs 
| The technique of examining signals recorded on tape by making 


1¢ recording visible with colloidal magnetite finds useful applica- 
ion when the physical cause of a drop-out is not immediately 
pparent. In Fig. 3 two faults are shown in the oxide layer, 
sen of which is only about 0:005in long. The faults are small 
ixide clumps which would cause separation loss on reproduction. 


‘ similar but larger fault is shown in Fig. 13(a), and its effect 


(d) 
. Fig. 13.—Effect of drop-out on recorded pattern. 
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on the recorded signal can be seen in Fig. 13(6). Here, a large 
area of tape has been lifted away from the recording head by the 
fault, with consequent blurring of the colloidal magnetite 
deposits. Where separation loss has occurred, the surface fields 
of the recording are more diffuse longitudinally, owing to spread 
of the transition region, as shown by broadening of the lines in 
Fig. 13(6). The heavy black lines on the fault indicate strong 
magnetization where the clump has made good contact with the 
recording head. 

An examination of drop-outs occurring on samples of com- 
mercially available tapes has shown that, provided that sufficient 
care is given to the production of a uniform magnetic lacquer 
with no foreign particles and that the tape is manufactured under 
dust-free conditions at all stages, those having cellulose-acetate or 
polyester bases are superior to others. Polyvinyl-chloride bases 
of Continental manufacture are used extensively in this country 
for audio-recording-tape bases, but, in general, the quality is poor 
for data-recording tapes, owing to the high incidence of local 
thickness changes. Small batches of high-quality p.v.c. have 
proved to be excellent as base material, but such quality is 
available only in sample lengths. Cellulose acetate and, more 
recently, polyester are used at present for data-recording-tape 
bases. Both materials are manufactured with a high degree of 
uniformity and with virtual freedom from surface blemishes. The 
inherently low susceptibility of polyester to moisture absorption 
and its resistance to tearing have made it more favourable for 
data-recording tape. 

All the tapes tested in this investigation have similar magnetic 
properties and consist of acicular particles of yFe,0; embedded 
in a flexible binder suited to the various base materials. The 
particles are about 1 long and have a length/width ratio of 
5:1tol0:1. Theanisotropy of particle shape is the controlling 
factor in the magnetic behaviour of the tape, and in most modern 
tapes the particles are oriented along its length, resulting in a 
high ratio between remanent and saturation inductions for fields 
applied in this direction. Fig. 14 shows a family of hysteresis 


Fig. 14.—Hysteresis curves for magnetic tape. 


curves, for a tape of the type described, taken from a cathode-ray 
tube 50c/s B/H plotter. The coercivity is about 260 oersteds 
and the maximum remanent flux per 0:25in tape is about 
0-7 webers. 

Drop-out tests have been performed on 0-5in wide cellulose- 
acetate-based tapes and polyester tapes, using a pulse density on 
the tape of 200 per inch per track. Eight tracks have been tested 
at a drop-out level of 8dB. Tapes made of cellulose acetate of 
British manufacture have an average length of about 400ft 
between drop-outs; for American acetate this length is 700 ft, 
and for recent polyester, 1100ft. The figures quoted refer to 
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magnetic layers which have been manufactured under similar 
conditions, and so they reflect to some extent the quality of the 
base material. Examination of some American tapes, which are 
claimed to be manufactured for data recording, shows that nearly 
all the drop-outs are due to faults which momentarily lift the 
tape from the recording or reproducing head. At the recorded 
pulse density of 200 per inch and a drop-out level of 6dB, about 
half of the detected drop-outs are caused by removable defects, 
such as chips of base material. These were either not cleaned off 
during the slitting process or were shaved off by the guides of 
the tape deck. Most of the permanent faults are also due to 
base defects, such as dents or small air bubbles. Clearly, in this 
case, the tape manufacturer cannot further improve his product 
apart from exercising caution with regard to foreign particles. 
Future progress depends more on the availability of flaw-free 
base material and improved systems for handling the tape. In 
the latter case, it seems that the out-of-contact systems described 
might be used with advantage. 


(4.2) Noise Pulses 


In the discussion of the causes of accidental pulse recording and 
reproduction with an n.r.z. system, it was concluded that, 
although the same physical tape faults cause both drop-outs and 
noise pulses, the relative severities are not the same for all causes. 
The drop-out test apparatus has been used to count reproducing 
voltage pulses of a known fractional amplitude of the normal 
reproducing output from a pulse recording. At given noise and 
drop-out levels it is found that small nodules on the surface of 
the magnetic layer cause more noise pulses relative to drop-outs 
than do creases in the tape or thickness variations of the magnetic 
layer. These results bear out the suggestion that drop-out tests 
and noise tests are not equivalent, and that sharp surface irregu- 
larities must be avoided to minimize noise pulses. 


(4.3) Conclusions 


It is of interest to formulate some idea of the limiting resolution 
of present-day tapes for recording and reproducing conditions 
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Mr. D. W. Willis: The paper confines its attention to drop-outs 
and noise pulses (or drop-ins), and does not mention other para- 
meters of importance in data recording, such as tolerance on 
slitting, the consistency of the thickness of the backing, behaviour 
under variable climatic conditions, the quality of the binder, etc. 
These factors are of vital importance to designers of tape systems 
and should be considered by the authors. 

The designer of a tape system must from the start recognize 
the incidence of drop-outs, and that they are of two kinds. 
There are permanent drop-outs, which are located in fixed 
positions on the tape, and transient drop-outs, often caused by 
spacing losses due to surface imperfections, dust, loose oxide or 
shavings off the backing, which are often non-repetitive and not 
located in fixed positions. The optimum design of any par- 
ticular system is conditioned largely by the distribution in length 
and separation of both types of drop-out. 

For example, if the designer knew that all drop-outs were 
shorter than some maximum length, he could allocate to each 
digit a length of tape twice as long and repeat the digit at high 
density throughout the space, integrating the information on 
reproduction over the whole of this space. The tape could then 
be used without any other special provision for drop-outs. 
Alternatively, the same information could be recorded two or 
three times, an error-detecting code, or the identity of two 
out of three, being taken to show which reading was correct. 
Which of these two methods is chosen depends on the distri- 
bution of the drop-outs. 
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similar to those used in the test method. An essential safeguard 
in data recording is that adequate signal voltage should be! 
obtained, so that electronic operations on the replayed data may | 
be performed without the hazard of electronic equipment noise i 
being comparable with the signal. Upper and lower discrimina-| 
tion limits are set on the reproducing signal amplitude, so that no| 
signal amplitude variations reduce the signal to the “Ppa 
discrimination limit and no noise pulses reach the lower limi | 
The maximum pulse density which can economically be | : 
under these conditions is about 200 per inch of tape for a track 
width of 0:045in. If the discrimination levels are set for equal t 
probabilities of occurrence of drop-outs and noise pulses, the © 
largest voltage difference between them is obtained for minimum | 
overall probability of fault occurrence. 

Drop-out tests and noise tests indicate that at a pulse density | 
of 200 per inch, the probabilities of occurrence of drop-outs and 
noise pulses are equal at about 50% and 5%, respectively, of 
normal maximum output for a track width of 0:045in. How-) 
ever, at present the probability of occurrence of faults at these | 
levels is rather high, resulting in a low yield of fault-free tape. | 
Some relaxation of the limits would seem to be economical for’ 
existing British tapes, although the figures given may be taken 
as a short-term target for n.r.z. contact recording systems using | 
tape speeds of about 100in/s. 


t 
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Another method more widely used is to record at the extreme | 
density the tape will give, and to remove permanent drop-outs 
either by subjecting the tape to a severe selection test, or by 
addressing the tape only where it should be used, or by marking * 
the tape in some way when it should not be used. Transient | 
drop-outs are dealt with by recording a block and by imme-_ 
diately playing it back and checking by some arithmetic, parity 
or identity check. If the information is correctly played back, | 
it is assumed that at some subsequent time it can again be played 
back correctly, providing that one or two attempts are made. ; 

The non-contact method has an entirely different approach. | 
Here the performance of the tape is purposely derated, and a 
better and more uniform performance is obtained from the ’ 
system. Fig. A shows the sort of drop-out performance that can | 
be obtained from out-of-contact recordings made on a com- 
mercially available equipment. As can be seen, there are no 
drop-outs recorded below about 50% of the normal signal level. 
Non-contact methods have other advantages. The author men- ’ 
tions one of them—that wear is minimized. More important is" 
the fact that the maintenance required by the heads is minimized. 
In some contact systems, the heads have to be cleaned on almost 
every run, but in non-contact operation far less cleaning is 
necessary. 

The method of getting prints off tapes is a useful way of 
showing up faults. My colleagues have used a similar method 
to check track alignment and to give a very accurate measurement 
of tape speed. 


DROP-OUT COUNT 


AMPLITUDE DISCRIMINATION, °/. 


Fig. A.—Drop-out distribution for out-of-contact recording. 
3 600 ft of tape. 


The problem of specifying the drop-out performance of tape 
s receiving close consideration on several committees at the 
ssent time. One method proposed is to measure drop-outs 
(on a narrower track width than anyone uses, and to test all the 
_.see in this manner. Another is that the tape should be fully 
saturated, then run through an equipment with high amplifier 
gain. Imperfections in the tape should show up as non-white 
‘acise. The author points out that imperfections do not affect 
the drop-out and drop-in counts equally, so I assume that such 
a system could not immediately be useful as a simple means of 
measuring the uniformity and performance of tape. I would be 
glad if the author would comment on this point. 

He has supplied some information which is useful to the 
system designer, but much more information, particularly in 
espect of the statistical distribution in length and separation of 
‘Hrop-outs, is required. It is only the supplier who can con- 
veniently provide this information. 

Dr. J. E. R. Young: I should like to make a few remarks about 
“esting data tape. 

The data storage system uses 4in tapes with seven recording 
tracks 0:033in wide. The design of the digital system is such 
‘that no drop-outs and no spurious pulses (drop-ins) can be 
olerated, and: all tape is to be interchangeable. Therefore, every 
rack of every reel is tested. 

The tape tester was constructed to resemble the tape-handling 
ystem as completely as possible. The test sequence is: saturate 
srecord with a continuous sequence of pulses; test that all repro- 
duced pulses top an upper limit; erase; check that no noise 
pulse exceeds the acceptable lower limit; all this is done in 
a single pass of the tape over a set of heads. When a defect 
lis recognized the tape is stopped and the offending portion 
examined through a microscope, and very frequently the women 
yoperating these testers can remove the defect by ‘surgery’ using 
a scalpel, or by ‘dry cleaning’ with solvents and cotton wool. 
\After that the machine is restarted; it back-spaces and tests that 
“portion of the tape and continues if the repair is satisfactory. 
‘When a defect will not clean up, that reel is returned to the 
avanufacturers, but when a completely tested reel is obtained it 
vis oackaged and sold as guaranteed error-free tape. 

This does not completely cure the tape error problem, as 
xerrors may still arise after long use, and in the future, when 
«dealing with higher-density recording and thinner tape, a different 
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philosophy is envisaged. For example, a ‘two-gap head’ has 
been developed with a recording and a reproducing head closely 
adjacent and fixed in the same assembly; with this the data 
recording machine can check everything it has recorded and if 
this is not correct it can erase that portion of the record and try 
again further along the tape. But it must be emphasized that 
this device, while it does greatly improve reliability, should not 
be used with low-grade tape, for it is cheaper to use expensive 
pre-tested tape than to hold up a large computer while groping 
for an error-free portion of tape. 

Looking at Fig. 13 of the paper, I wish to point out that a 
soft and resilient pressure pad could have made the tape conform 
much better to the recording head, and the total amount of 
signal lost would have been much less. 

Finally, it seems, from the paper and this discussion, that we 
should consider using a special type of tape for pulse recording 
instead of the high-quality audio tape which is used nowadays. 

Mr. G. M. E. Williams: I am prompted to ask how much more 
reliable magnetic tape has to be. Some intending users of 
computer systems for commercial data with magnetic tape are 
looking for an occurrence of errors of not greater than about 
1 in 10’. The paper shows that drop-outs occur about 1 in 
1 100 ft of some polyester-based tape. At 100 digits to the inch, 
the improvements in magnetic tape in respect of occurrence of 
drop-outs would therefore have to be about eight times greater 
not to exceed 1 in 10’. How soon can such an improvement be 
achieved ? 

Mr. Willis referred to making two or three recordings in 
parallel at a time and comparing one against another to guard 
against drop-outs. I support his statistical approach to the 
problems of magnetic tape, but if he looks at the statistics of the 
use of two or three parallel channels he may find that the gain 
in reliability compared with using a single channel does not 
justify the additional equipment capacity and time involved. 

Mr. F. J. M. Laver: The author says that in a magnetic tape 
data-recording system the signal ‘must be reproduced without 
any loss or addition of pulses’, but this is an unattainable ideal, 
and data-handling systems should be designed on an economic 
basis to meet a certain probability of error, because errors are 
inevitable. Any design which requires perfect tapes is immature. 

The results given in Section 4.1 show average lengths of 400 ft 
or more between drop-outs, but it is not clear whether this is for 
a drop-out on any of the eight tracks, or is the separation of 
drop-outs on individual tracks. If the former, this at 200 pulses 
per inch corresponds to a drop-out rate approaching 1 in 
8 x 10°. Communication engineers would be happy to have 
a system with so low a probability of error. 

Fig. 5 shows return-to-zero recording which uses only two 
levels of magnetization—positive and zero, but above Fig. 7 
there is a reference to three states of magnetization that have to 
be distinguished. I am not clear whether this is meant to apply 
to a 3-level r.t.z. system. Such a system resembles a non-return- 
to-zero one, but zero magnetization could indicate that no signal 
is recorded. Will the author confirm that the references to r.t.z. 
recording in the paper are to 2-level systems ? 

It would be interesting to know whether the author has any 
statistics showing how the proportion of drop-outs, or the 
average length between drop-outs, varies according to the 
width of the track used for the recording? For drop-out tests 
the author records across the whole width of the tape: this is 
not what will be done by a user. Is the author satisfied that this 
does not significantly affect the number of drop-outs found ? 


[The author’s reply to the above discussion will be found overleaf.] 
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THE AUTHOR’S REPLY TO THE ABOVE DISCUSSION 


Dr. C. D. Mee (in reply): First, I would like to thank Mr. Doust 
for reading the paper in my absence and replying at the meeting. 

The tape manufacturer is constantly improving the quality of 
recording tape with respect to the factors mentioned by Mr. 
Willis. It is felt that current techniques for tape production are 
entirely adequate to meet the needs of the data-tape user as 
regards width and thickness tolerances. The quality of the 
binder material has been greatly improved recently in order to 
satisfy the severe conditions obtaining in video tape recorders. 
Here, relative head-to-tape speeds of 150 ft/sec may be encoun- 
tered, and present-day tapes are capable of recording and 
replaying at least 100 times. The wearing qualities of tape for 
data recording have also been improved recently by applying a 
thin plastic layer over the oxide coating. 

The drop-out counts given in Section 4.1 refer to the error-free 
distances when eight tracks are simultaneously examined. It 
should be added that the figures quoted were obtained at least a 
year ago on experimental tapes coated under similar conditions. 
The large difference in drop-out counts for the different bases 
underlines the importance of the quality of the base material. 
In general, tapes have now been improved to the stage where 
freedom from 6dB drop-outs at 200 pulses per inch, with non- 
return-to zero recording on 0-:045in wide tracks, may be con- 
sidered a reasonable commercial standard. 


Some progress towards a standard test procedure for dail 
recording tape has been made, owing to the growing popularilg 
of four tracks per quarter-inch of tape with 0-06 in between track 
centres. Standardization of the track width at 0-03in seems 
likely and, in this event, the area of tape to be tested for drop- 
outs can be specified. The relation between noise pulses from 
a saturated tape and the drop-out count is not considered 
sufficiently good to use noise testing instead of drop-out 
testing. It is suggested, then, that a realistic specification 
for data recording tape for the next few years arises from 
the track widths, pulse densities and discrimination levels 
quoted here. At the present, the yield of 1200ft lengths of 
drop-out-free tape under these test conditions should be high. 
The availability of large quantities of high-grade polyester 
base should quickly alleviate the limitation of 1200 ft for high 
yield. 

The return-to-zero recording analysis described in Section 
2.2.2 refers to the two-level system illustrated in Fig. 5. The 
three-level system was mentioned with respect to its suscepti- 
bility to longitudinal pulse spreading in recording. The width 
of the recorded track appears to have a negligible effect on 
the drop-out count when comparing drop-outs from the full 
track recording of the test apparatus with a multi-track recordiggy 
made with a head similar to the reproducing head. 


SUMMARY 


‘Soon after the completion of the B.B.C.’s television transmitting 
fation in Devon and the establishment of a full-scale service, 
emplaints were received from coastal areas around Plymouth 
iat the transmission was subject to rhythmic variations in amplitude. 
the investigations which followed these reports are here described. 
the variations are found to be due to phase-coherent back-scatter 
om the sea, and to depend on the configuration of the surface of the 
‘a. The phenomenon is examined theoretically. 


LIST OF SYMBOLS 


v = Velocity of propagation of sea waves. 
A, = Wavelength of sea waves. 
g = Acceleration due to gravity. 
A = Wavelength of television transmission. 
Ff, = The isostematic radio frequency. 
f, = A radio frequency not isostematic. 
n= Number of wavecrests over back-scattering 
surface of the sea. 
P, = Transmitted power. 
P,, = Received power. 
o = Back-scattering cross-section. 
.. ks = Constants of proportionality. 
r = Distance of back-scattering surface from receiving 
aerial. 
A = Physical area of back-scattering surface. 
p = Electrical properties of sea water. 
s = Statistical distribution of elementary scattering 
surfaces. 
r, = Distance of radio horizon from receiving aerial. 
r, = Distance of the edge of the cliff’s shadow from 
the receiving aerial. 
ro = R.M.S. distance between r;, and r,. 
| S = Barometric tendency when steady. 
U = Barometric tendency when unsteady. 


(1) INTRODUCTION 


’ The British Broadcasting Corporation inaugurated a television 
ervice in Devon in December, 1954, with a temporary low- 
)ower installation and a radiating system mounted 150 ft above 
‘round level. The site of the transmitter, a peak on Dartmoor 
‘aown as North Hessary Tor, is 1675ft above sea level and 
‘bout 15 miles inland from Plymouth Sound. 

The station was completed and the present full-scale service 
stablished in May, 1956. Besides the increase in the effective 
aciated power which occurred at the time of the change, the 
e:sht of the radiating system was increased to 633ft above 
roand level. The transmissions were vertically polarized and 
ne frequencies radiated, in both the temporary and final con- 
ions, were 48:25 and 51-:75Mc/s, the former carrying the 
mad information and the latter the vision. 
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PHASE-COHERENT BACK-SCATTER OF RADIO WAVES AT THE SURFACE 
OF THE SEA 


By E. SOFAER, Associate Member. 


(The paper was first received 11th December, 1957, and in revised form 21st January, 1958.) 


A few days after the full-scale service had been established, 
reports were received that the transmission was subject to inter- 
ference of an unusual nature in coastal areas between Plymouth 
and Looe. This took the form of rhythmic variations in signal 
amplitude accompanied by a series of echoes which stretched 
across the viewing screen. The period of the variations was 
about 40 cycles per minute. The places where the complaints 
originated were shaded from the direct transmission by cliffs 
and had a clear view of the sea. 

A preliminary investigation of these reports was made with 
routine field-strength-measuring equipment and simultaneous 
records of the amplitude variations at both the sound and vision 
frequencies were taken on a recording milliammeter. The inter- 
ference was also observed on a television receiver. While these 
tests did little more than confirm the reports, they did point to a 
strong connection between the effect and the proximity of the 
sea. It became evident that for a better understanding of the 
phenomenon more elaborate equipment would be necessary, 
and a further investigation was therefore planned in which, 
with the aid of directional aerials and a waveform monitor 
incorporating a time calibration, it was hoped to discover the 
source of the offending echoes. 


(2) EQUIPMENT 
The arrangement of the equipment used is shown in schematic 
form in Fig. 1. The signal to be examined was picked up on a 


Commercial 
receiver 


Trigger and 
delay circuit 


at Amplifier with 
receivers FH eentralie 
delay 


Waveform 
monitor 
Fig. 1.—Arrangement of the equipment. 


directional aerial capable of being raised to any height up to 
36ft above ground level and rotatable in any direction. This 
aerial was connected to a receiver of B.B.C. design (TV/REC/3), 
the output of which was taken through a variable-delay amplifier 
to a waveform monitor. The triggering supplied to the variable- 
delay circuit was obtained from the line-synchronizing pulses of 
a commercial receiver connected to a separate aerial. This 
aerial was maintained constantly in the direction of minimum 
interference. The purpose of this arrangement was to ensure 
that the amplitude of the trigger pulse supplied to the waveform 
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monitor would not vary with rotation of the search aerial, and 
that the display would be held at a constant and convenient 
part of the viewing tube on the monitor. on 

The search aerial had a horizontal radiation pattern of cardioid 
form with a front/back ratio of 19dB. The second aerial was 
a commercial H-type dipole and reflector with a front/back ratio 
of 12 dB. 


(3) OBSERVATIONS 

One of the areas most affected by the phenomenon is Kingsand, 
on the western side of Plymouth Sound, but the observations 
made there were confused by the presence of reflecting objects 
in the Sound and on the opposite shore. The breakwater, with 
its lighthouse at the western end, and the masts of the Air 
Ministry Communications Station at Staddon Heights produced 
major echoes which, together with the intervening stretch of 
sea, were at first thought to be connected with the variations. 
Subsequent tests at Downderry, a village between Plymouth and 
Looe, on an open site remote from reflecting objects, gave a 
clearer picture of the nature of the phenomenon. Tests were 
also made at Staddon Heights, and, using a portable television 
receiver, in a boat in the Sound. The locations of these sites 
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frequencies of the two channels, and to establish that the 
interference was originating at a common moving reflector. j 

Sections of the records are reproduced in Figs. 3(a) and 3(6), 
From the time and relative-field-strength scales shown, the range 
and frequency of the variations at each frequency may be seen, 
A third scale giving a count of the number of cycles recorded 
over a length of chart is also shown. It is clear from a com- 
parison of each pair of simultaneous records that no exact 
relationship exists between the variations at the sound and vision 


frequencies. 


x 


(3.2) Method of Observations ‘ 


The operational procedure adopted with the waveform monitor 
was to observe the line-synchronizing pulse while picture infor- 
mation was being transmitted. Most of the work was done 4 
this way and the account given in the present paper refer 
generally to these observations. Between scheduled transmission 
times, a 2microsec positive pulse was radiated especially for 
these tests, and was useful for identifying permanent echoes. 

It was not possible to record photographically the displa 
on the monitor. The exposures required by this equipment 
obtain a satisfactory negative are of the order of 10sec, but the 
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Fig. 2.—Locations of test sites. 


are shown in Fig. 2, and details of their heights and distances 
from the sea recorded in Section 12.1. 


(3.1) Amplitude Records 


Simultaneous recordings of amplitude variations at the sound 
and vision frequencies were made at Kingsand during the pre- 
liminary tests. The site used is the more southerly of the two 
shown in Fig. 2. It was hoped by these to find that the inter- 
ference frequencies were in the same ratio as the carrier 


signal traces varied so rapidly that an exposure greater than 
a's sec would have produced a useless record. In consequence, 
the forms taken up by the trace are drawn free-hand and shown 
in Figs. 4~7. 
(3.3) Observations at Downderry 

Fig. 4 is the standard form of a complete line. When the 
amplitude variations were small, the trace of the line-syn- 
chronizing pulse obtained with the aerial maximum directed 
towards the transmitter resembled the standard form fairly 
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sig. 3.—Comparison of the amplitude variations at the sound and 
vision frequencies (48-25 and 51-75 Mc/s respectively). 


a oe the absence of an exact relationship between the beats on 
4 (sf the two frequencies. hese 

42) An example of alternation in the amplitude of the variations between the two 
H frequencies. 

t 


tig. 4.—Standard form of a single line of picture transmission. 
VoL. 105, PART B. 
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closely. The portion representing black level, which should 
have been straight, was distorted by small ripples, and a ripple 
of similar width appeared at the bottom left-hand corner of the 
line-synchronizing pulse, as shown in Fig. S(a). At times of 


oe 


Fig. 5.—Typical form of the distortion of the line-synchronizing 
pulse at Downderry. 
(a) Aerial maximum towards the transmitter; moderate interference. 
(b) Aerial maximum towards the transmitter; strong interference. 
(c) Aerial maximum towards the sea; strong interference. 
strong interference the trace was of the form shown in Fig. 5(6). 
It was particularly noticed that at such times the irregularities 
were greatest at the commencement of the line. This peculiarity 
is discussed in Section 4.3. 
When the aerial maximum was oriented seaward in any 
direction over an arc of about 200°, distortion of the waveform 
was a maximum, even to the extent that the line-synchronizing 


pulse disappeared completely. Fig. 5(c) suggests the form of the 
trace for this condition. 


(3.4) Observations at Kingsand 


The observations on the waveform monitor were made at the 
more northerly of the two sites shown in Fig. 2. 

Distortion of the waveform is greater at Kingsand than at 
Downderry, even in the absence of interference. Two permanent 
echoes lie inside the line-synchronizing pulse, reducing its 
effectiveness for triggering. They appear to originate at the 
Air Ministry masts at Staddon Heights and the lighthouse on 
the breakwater. When interference is present additional echoes 
further destroy the waveform. Fig. 6(a) represents the type of 


A. 


Fig. 6.—Typical form of the distortion of the line-synchronizing 
pulse at Kingsand, 


(a) Aerial maximum on a bearing mid-way between the transmitter and the masts 
at Staddon Heights; fairly strong interference. 
(b) Aerial maximum towards the sea; strong interference. 


trace obtained with the aerial maximum midway between the 
direction of the masts and of North Hessary Tor. In seaward 
directions, and when the interference was strong, the trace took 
the form shown in Fig. 6(5). 


(3.5) Observations at Staddon Heights 


Measurements were made at a site 350ft above sea level on a 
line optical to the transmitter in the one direction, and with a 
clear view of the sea in the other. The field strength at this site 
was estimated from the deflection of the a.g.c. meter to be 3 mV/m. 
With the aerial maximum towards the transmitter and the mini- 
mum to the sea, a nearly steady trace was obtained, the tendency 
to vary being only just perceptible. With the aerial minimum 
to the transmitter and the maximum to the sea, distortion of the 
waveform was significant. This condition is depicted in Fig. 7. 

15 
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Fig. 7.—Typical form of the distortion of the line-synchronizing 
pulse at Staddon Heights. 


Aerial maximum towards the sea. 


Voltage measurements were made of the amplitude of the 
distortion. The result, after correcting for aerial directivity, 
showed the magnitude of the reflected signal to be 7% of the 
direct signal from North Hessary Tor. Its strength is therefore 
estimated as 200 1V/m, comparable with the mean field strength 
at Kingsand and Downderry. 


(3.6) Observations on Plymouth Sound 


A portable television receiver was installed in a boat, and a 
tour was made round the breakwater in Plymouth Sound, 
starting at the Royal Dockyard. 

An arc of 15 miles radius centred on North Hessary Tor 
marks the approximate edge of the shadow cast in Plymouth 
Sound by the intervening land. Between the Royal Dockyard 
and this line, the amplitude variations were present continuously. 
When the line was crossed and the receiving aerial was directly 
irradiated by the transmitter, the variations were no longer 
apparent. They reappeared, however, each time the aerial was 
shielded from the direct radiation, e.g. by a destroyer anchored 
in the Sound, by Drake’s Island or by Staddon Heights, indi- 
cating that the interference is always present, even when masked 
by the strong field of the direct radiation. 


(3.7) Observations on Band II 


Test transmissions in Band II on horizontal polarization were 
being radiated from North Hessary Tor at the time when the 
investigations which form the subject of the paper were being 
made. Advantage was taken of the opportunity to observe the 
Band II signal in areas where the television signal was sus- 
ceptible to interference. An f.m. receiver was taken to Down- 
derry and listening tests were made. Interference was present 
and, allowing for amplitude limiting in the receiver, appeared 
to be equal in severity to that experienced in Band I. No reliable 
estimate of its dependence on polarization can, however, be 
made from this observation. It was accompanied by multipath 
distortion. 

It became clear from this experience that the effect could 
occur over a wide range of frequencies. That it was related to 
the sea clutter observed by operators since the earliest days of 
radar seemed evident, but the first report of rhythmic variations 
appears to have come from Crombie,! who observed them at a 
frequency of 13-56 Mc/s. 


(4) MECHANISM OF THE PHENOMENON 


Crombie has explained the beats in terms of a Doppler shift 
in the frequency of the transmission. The effects observed near 
Plymouth are considered from this point of view. 


The combined evidence of the preliminary and present tests is: 


(a) That the echoes come directly from the sea. 

(b) That the phenomenon occurs over a wide range of frequencies. 

(c) That the pattern of interference is different at different 
frequencies. 

(d) That it occurs on both horizontal and vertical polarization. 
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(e) That it is present at sites directly irradiated by the transmitter iy 
as well as at sites shielded from the direct transmission; on high 
ground or at sea level, provided that the receiving aerial is not very) 
distant from the sea. | 


unusual word, which is absent from most dictionaries, is defined), 
in the Oxford English Dictionary as ‘characterized by intervals’, is 
From this may be derived ‘isostematic’, ie. characterized by)! 
similar intervals. Isostematism therefore bears the same rela-| 
tion to distance as synchronism bears to time. 7 

The scatter surfaces on the sea are the sides of the waves which 
face the transmitter. Let the spacing between them be such| 
that the phase angle at the receiving aerial between rays scattered | 


back at adjacent surfaces is 27, as illustrated in Fig. 8. The) 


T 


Back-scattered rays 


Fig. 8.—Diagrammatic representation of the rays scattered back — 
from the sea. 


The phase difference at R between adjacent rays is 27. 


rays will add directly, and a signal of greatly increased amplitude | 
will reach the receiving aerial. Such spacing may be said to bi 
isostematic with respect to the transmitted wavelength. : 

An isostematic system of sea waves, taking a normal cours 
over the surface of the sea, retains its isostematic character fo 
periods of time which are long compared with one period of 
their motion. When such a system travels towards or wa 
from the receiving aerial, the phase of the back-scattered energy | 
changes cyclically at a rate depending on the velocity of th 
motion. In the presence of the constant direct transmission 
these changes in phase produce a periodic variation in the 
amplitude of the received signal. If the amplitude of the back- 
scattered energy is comparable with that of the direct trans-_ 
mission, large variations occur, a situation well illustrated by 
the recordings reproduced in Fig. 3. ; 


an 
" 


(4.1) Correlation with the Observed Beat Frequency 


The relationship between the velocity of the sea wave and its 
wavelength A, is given by the expression 


where g is the acceleration due to gravity. This formula is 
accurate for waves of small amplitude occurring in deep water. 
The phase difference between waves radiated from a single 
source and arriving at a point in space by separate paths is 27 
radians (n integral) when their path differences are multiples of 
X, the transmitted wavelength. In the first instance, let it be 
assumed that the direction of back-scattering is in the plane of 
propagation. If the back-scattered rays all arrive at the receiving. 
aerial in phase, the reflecting surfaces must be spaced 4A apart, 
ie. A, = 4A. At the vision frequency, A = 5-8m and A, = 2-9m, 
so that v = 2-13 m/sec. 

One cycle of change occurs when the wavecrests travel a 
distance 2:9m, and the periodicity of the change is therefore 
0-73c/s. The number of cycles recorded in Fig. 3(a) during the. 


(1) 


‘ 


East 
Looe 


West 
Looe 


Looe 


Oownderry 
Bay 


inute 2144-2145 hours G.M.T., and in Fig. 3(5) during the 
‘pute 2146-2147 hours G.M.T. is in each case about 40:5, a 
sriodicity of 0-68c/s. The calculated periodicity is therefore 
0 great by 8%. 

‘In Fig. 9, elliptical arcs are drawn whose foci are at North 
ssary Tor and at Kingsand, at the site where the records were 
‘ken. For the energy incident on the sea to be diverted to 
‘ingsand, the wavecrests must run tangentially to the arcs. 
‘ays touching the sea at points on any one arc arrive at 
‘ingsand with equal delays. 

[The arcs are not equidistant from each other along their 
mgth, but diverge as they move to either side of their common 
«ial direction. The value 0:5A is applicable to A, only where 
‘e reflecting surfaces are normal to the common axis. Else- 
there, A, is greater. For the site used, reflection must occur 
ust of the line on which the positions A and B marked in 
ig. 9 lie, because for all that part of the sea to the west of this 
ne the receiving aerial is shielded by high ground. The values 
*}, at A and B are 0:56, and 0°55A, respectively, as calculated 
' Section 12.2, and the periodicities of the beats derived from 
‘em are, in the one case, 0°69c/s and in the other, 0-70c/s. 
© corrections have been applied in the foregoing calculations 
» eilow for the limited accuracy of the formula used. 

it should be pointed out here that a change in the position of 
‘© back-scattering area requires both the wavelength and the 
rection of the sea waves to change appropriately, if isostematism 
t« be maintained. The term ‘isostematism’ therefore connotes 
o 2 than a relationship between lengths, namely the wave- 
mths of the radio transmission and of the sea waves. It also 
« ades the concept of direction, implying that the wavefront 


* 4ne sea waves is suitably oriented. 
* 
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Fig. 9.—Elliptical arcs based on North Hessary Tor and Kingsand, indicating the directions of the sea waves 
which will produce interference at Kingsand. 


In Fig. 9, the position C has been so chosen that the periodicity 
of the interference reflected at this point agrees exactly with the 
observed value of 0-68c/s after correcting for the amplitude of 
the sea wave. Eqn. (1) yields a result for v which is too small? 
by an error roughly of magnitude h/A,, where h is the crest-to- 
trough amplitude of the wave. In deep water, A/A, has a maxi- 
mum value of 0:14. The correction applied in the present case 
is 0-1. 

The depth of the Sound at C is very much greater than 1A,, 
and no correction for depth is therefore necessary. The position 
of C marks one of the possible areas where reflection could have 
occurred during recording. The locus of such areas is the dashed 
line through C. Its direction accords well with observations. 
Interference was maximum when the aerial beam was turned 
seaward along a line tangential to the coast south of Newton 
Ferrers. 

It would appear at first sight that, because of the Doppler 
mechanism, the frequency ratio between the beats present on 
the two radio transmissions should be the same as that between 
the carriers. The recordings taken during the preliminary tests 
and reproduced in Figs. 3(a) and 3() establish that no such 
relationship exists between the frequencies of the beats on the 
two channels. 

It has been seen, with the aid of Fig. 9 and the calculations in 
Section 12.2, that the isostematic wavelength A, is different at 
different parts of the sea. Conversely, therefore, it may be said 
that isostematism with different radio frequencies occurs at 
different parts of the sea’s surface. The interfering signals on 
the two radio transmissions do not therefore originate at the 
same place, and no exact relationship between their beat records 
may in consequence be expected. 
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(4.2) The Sea as a Random Surface 


The problem may be viewed another way, based on the general 
concept of the sea as a random surface.?_ The sine waves which 
are the components of its complex configuration lie in a wide and 
continuous spectrum, and are random in amplitude and phase, 
as well as in direction. Movement of the waves in one general 
direction may be considered as the movement of a group of 
unrelated sine waves, each having its own characteristic velocity. 
The faster waves travel ahead while the slower fall back, and 
the group as a whole spreads.* If the profile of the group in 
the plane normal to the wavefront and the sea’s surface is 
examined, it will be seen to be changing continuously, no wave- 
form retaining its identity for very long. 

A single-frequency electromagnetic wave falling on such a 
surface is returned to the receiving aerial as a phase-coherent 
reflection from the area where the wavelength is predominantly 
isostematic. A short time later, the dominant wavelength in 
the area is isostematic with a different frequency, and this 
frequency is then returned with the greater amplitude. Thus 
reflection of two frequencies may occur at the same place, but 
after an interval of time. 

There is evidence in the recordings of the interference on the 
sound and vision frequencies of a smooth transition of the effect 
from one transmitted frequency to the other. In certain sections 
of the chart an alternation in the amplitude of the beats at the 
two frequencies may be clearly seen, the duration of each being 
about 20sec. An example is reproduced in Fig. 3(c). This 
may be explained easily by the spreading of a group of sea 
waves already described. 

The reflecting area for the interference at Kingsand which, in 
the geometrical idealization of Fig. 9, is shown at C for the 
vision frequency, must therefore be visualized as oscillating 
randomly along the dashed line through C. The reflecting area 
for the sound frequency would oscillate in a like manner, but 
the relative positions of the two areas would vary randomly. 


(4.3) Transient Response of an Isostematic System 


Reference has already been made to the fact that the inter- 
ference, when observed on the waveform monitor, was greatest 
at the commencement of a line. The sudden rise in carrier 
amplitude at the end of the line-synchronizing pulse implies 
that a wide spectrum of frequencies is being radiated at that 
instant. The distortion of the trace on the monitor, such, for 
instance, as that depicted in Fig. 5(b), is analogous to the dis- 
tortion which occurs when the same pulse is passed through a 
narrow-passband filter. 

A characteristic of a narrow-band filter is that the phase 
angles by which two signals passing through it are delayed are 
not in the ratio of their frequencies. The sea’s characteristic 
as a filter, when its wavelength is isostematic with the wavelength 
of the radio carrier, may be examined, at least to a first order 
of approximation, by considering the phase of the back-scattered 
field at the receiving aerial relative to that of the diffracted 
field. Let f,, representing the diffracted field from North 
Hessary Tor, be the isostematic frequency; and let the other 
frequency be f;, later to be associated with the back-scattered 
field. At frequency f; the phase difference between the parcels 
of energy scattered back at two consecutive wavecrests is 
+2nf,/f,, since it is 277 at the isostematic frequency. Over an 
interval of n wavecrests it is +27nf,/f,. If this phase difference 
is compared with a signal at the isostematic frequency, the 
relative phase is given by the expression 


f 
fs 


Phase difference over n wavecrests = 27n + 2mn— 


(2) 


Consider now what takes place when the large band of fre- 
quencies generated at the end of the line-synchronizing pulse |) 
falls on a limited area of the sea’s surface extending over a few 
wavecrests only. Radiation at each of the frequencies incident |) 
on the area and deflected to the receiving aerial may be repre. 
sented by an elementary vector whose phase at the receiving |. 
aerial depends on the length of the path traversed. The path): 
length is in such a case a step- -function, the magnitude of the | 
steps depending on the spacing between wavecrests. The phase’ | 
of the resultant of the vectors therefore depends on the position 
of the back-scattering area and on the wavelength of the sea) 
waves. 

Elementary vectors representing the energy back-scattered at | 
other small areas are also components of the received signal. 
They have phase distributions and mean path lengths which are | 
in each case different, so that the phases of their resultants also i 
are different. It is clear, therefore that the phase of the back- 
scattered energy at the receiving aerial is a continuous function | 
of position. {\ 

By definition, the phase of an isostematically back-scattered © 
field is identical with that of a direct (or diffracted) field at the © 
receiving aerial. If the phase difference between the vectors © 
representing the back-scattered field and the diffracted field from F 
the transmitter is given the value 27n(1 + f,/f), f; may be - 
regarded as the ‘effective’ back-scattered frequency. } 

Returning again to Fig. 5(), it is clear that at the peak of the | 
half-cycle above AB, the two frequencies f, and f; are in phase © 
at the receiving aerial. At the instants A and B they are in 
quadrature because these points lie on the axis of the ripple. - 
Let f, lead f, by 47 radians at A; then at B it lags by an equal | 
amount, and the whole difference in phase across the line! 
AB is z radians. This line has a length equivalent to about | 

te 


6 microsec of delay. 

The back-scattered energy received at instant B has taken a 
path 6microsec longer in time, or 1 800m longer in distance, 
than the energy received at instant A. Substantially the whole 
of this difference in path length lies in the distance between the 
scattering areas and the receiving aerial. If it extends over n 


wavecrests, 
fi | 
a= iD +5 ; 
7 mn 1 n ) 
which gives Uh SHE (CE SE ol 
: ia of ON: 
Using A; = 0:6A = 3:5m 
_ 1800 
=) a) 
d = 51:75 + —__ 
an fe —S1 575 1030 Mc |s 
= 51:75 Mc/s + 50ke/s. 
This is the bandwidth at 6dB points, and represents quite a 
narrow-band filter. The width of the filter clearly depends only — 
on the extent of the sea surface over which isostematism persists. _ 


] 
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(4.4) Comparison with a Diffraction Grating 

It is clear that isostematism at radio frequencies resembil 
closely the optical properties of a diffraction grating. As with | 
grating phenomena, the requirement essential to the mechanism 
here considered is periodicity in the configuration of the irra-| 
diated surface. A region of the sea’s surface whose ridges are. 
regularly spaced and appropriately oriented with respect to the 
geometry and frequency of the transmitter/receiver circuit | 


Jhere P, and P, = Transmitted and received powers. 

, r = Distance of the target from the radar station. 

o = Back-scattering cross-section of the target. 
= A constant. 


In the case of a broadcast transmission the transmitter and 
ceiver are not on a common site. Specifically, in the present 
ixample, the transmitter is remote from the sea. Though, as 
vill be seen later, the distance between it and the scattering area 
aries with changes in the height of the transmitting aerial, the 
flifferences are small compared with the total distance. No 
creat error is introduced by treating the factor P,/r, in eqn. (3) 
ij constant. The equation therefore becomes 


P= (4) 


where r is the distance from the scattering area to the receiving 
terial and k, is a new constant. 

The quantity o is dependent on the physical area of the back- 
\cattering surface, the electrical properties of sea water and the 
‘tatistical distribution of the elementary scattering surfaces. If 
‘hese are expressed by A, p and s, respectively, and if k, is a 
‘onstant, 

o = k,Aps (5) 


t is here assumed that the angle of the receiving aerial beam is 
wide enough to receive always the whole of the back-scattered 
nergy. 

The lengths of the paths from the scattering area to the trans- 
~tting aerial at North Hessary Tor and the receiving aerial at 
‘emne point on the coast are very much greater than the aerial 
ieights. Changes in the angle subtended at the sea by the 
reasmitting and receiving aerials when their heights are varied 
uv» therefore very small, of the order of a few minutes of arc. 
* may in consequence be assumed that in the present problem 
1 change of statistical distribution or of the electrical behaviour 
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: away from the receiver. In doing so, it produces poriete fet | . 
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ysult from a Doppler change in the frequency of HH 4 a 
ae energy returned from the sea. In the case of the (oh ORNS cH 5 Seng 
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f row 3) Fig. 10.—Profile of the propagation path between North Hessary Tor 


and Downderry. 


of the sea occurs over the whole possible range of heights. The 
quantities p and s in eqn. (5) thus become constants, and the 
equation may be restated: 


ao =k,A é (6) 
The back-scattered power is then 
k3A 
Tie. =a do 
A 
==" kas . ° . (7) 


i.e. it is proportional to the scattering area and inversely pro- 
portional to the square of its distance from the receiving aerial. 

Fig. 10 illustrates the profile of the terrain between North 
Hessary Tor and the site at Downderry used during the tests. 
The sea in front of this site is unobstructed over a wide arc 
and capable of being represented more closely by a geometrical 
idealization than Plymouth Sound. It is for this reason used as 
the basis of the following analysis. 

The cliff which shades the receiving aerial at Downderry 
from the direct transmission is 420ft above sea level and 19-6 
miles from North Hessary Tor. The edge of the shadow made 
by this cliff is the near-side limit of the scattering area of the 
sea. The far-side limit is the horizon of the receiving aerial. 
The area between is A, which, in the calculation, has been 
assumed to be proportional to the distance between the limits; i.e. 


(8) 


where r;, and r, are the distances from the receiving aerial of 
the horizon and the shadow’s edge respectively, and ks is a 
constant, 

The distance of the area A from the receiving aerial is suffi- 
ciently well represented by the r.m.s, distance between r, and r,. 


A =ks(rp, re 
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Calling this rp, the equation for the back-scattered power may 
now be written 


Ks(rp, i re) 


1 Meh P 
0 


Le I fs 
uh = e (9) 
0 

In the present case, rp varies over a range 5:3-6 miles for the 
lower of the two receiving heights considered and 6-1-7-5 miles 
for the higher. These variations are small compared with the 
distance of the scattering area from the transmitting aerial. The 
power incident on the scattering area therefore remains sub- 
stantially constant for all transmitting aerial heights, as already 
assumed. 

The curves of Fig. 11 are drawn for receiving aerial heights 
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Fig. 11.—Theoretical estimate of the variation in the amplitude of the 
back-scattered signal with changes in the transmitting and 
receiving aerial heights. 


which are 25ft and 40ft above sea level. They express in 
decibels, with reference to an arbitrary zero, the quantity 
(r, — r.)/r2 as a function of transmitting aerial height. Each is 
asymptotic to a line parallel to the ordinate. The transmitting 
aerial height at which the asymptote cuts the abscissa is that at 
which the shadow’s edge and the horizon of the receiving aerial 
are coincident. At transmitting aerial heights whicn lie to the 
left of the asymptotes, the irradiated area is out of the range of 
the receiving aerial, and no back-scattering would be observed. 
It is clear, therefore, that the amplitude of the observed back- 
scatter may be expected to increase when either aerial is raised. 

The curve in Fig. 11 relating to a receiving aerial height of 
40 ft indicates that the expected increase in the amplitude of 
the interfering signal is over 7dB when the transmitting aerial 
height is changed from 150ft to 633ft above ground level. 
Treating the direct transmission to the receiving aerial as taking 
a path diffracted over a straight edge, the calculated reduction 
in the shadow loss for the same change in transmitter aerial 
height is only 1dB. It is therefore probable that the inter- 
ference/signal ratio increased by about 6dB at Downderry 
when the low temporary aerial system at North Hessary Tor 
was superseded by the high system at present in use. 


(6) CORRELATION WITH METEOROLOGICAL DATA 


Many factors are active in producing waves in the sea, and 
each contributes a characteristic band of wavelengths, 


RADIO WAVES AT THE SURFACE OF THE SEA | 
The calculations made in Section 4 show that the sea waves tt 
which bring about the interference at Kingsand have wavelengths / 
of about 3:5m. Waves of this order of magnitude are generated i 
by meteorological factors, and an examination of meteorological | 
data indicates that two factors are closely associated with the li 
interference experienced at Kingsand, one more so than the } 
other. They are wind direction and changes of barometric } 
pressure, respectively. 
(6.1) Effect of Wind 
References* © are given in Section 11 in which the relationships i 
between wind and waves are discussed. Hl 
The effect of wind on the sea is more directly illustrated in 
Figs. 12 and 13a, which are aerial photographs of Plymouth i 
Sound. The speed and direction of the wind prevalent when » 
the photographs were taken are indicated. The crests of waves » 
generated by the wind are normal to its direction, and it is easy |) 
to pick out in each case a system of waves so oriented. As an > 
indication of scale, a line representing 100m is drawn in each | 
Figure. This length would span 29 waves, if the value A, = 3-S5m 
derived in Section 4 is assumed to apply to this part of the sea. 
To examine whether a pattern of such fine structure is present \ 
in the photographs, an enlargement of part of Fig. 13a is shown | 
in Fig. 138. The ratio of scales is about four. The 100m line | 
appears again in the enlargement, and some 27 waves may be ™ 
counted along its length. It is thus seen that wind-generated 
waves are of the right order of magnitude to produce isostematic | 
reflection. 


(6.2) Observations on Reception compared with 
Meteorological Data 


Isostematic reflection occurs when the wavecrests, suitably 
spaced, lie tangentially to ellipses based on the transmitter and 
receiver as foci. It is seen from Fig. 9 that this condition is | 
possible at Kingsand when the wind direction falls within the 
ranges 105°-160° and 285°-340°, but the boundaries are not 
sharply defined. There is a wide spread in the direction of sea. 
waves, and wind directions a little outside the stated arcs may 
be taken as capable of producing waves of the right orientation. 

Local observers at Kingsand had noted that three consecutive 
days, 22nd—24th June, were unusually free from interference. 
This period is therefore chosen for examination. Wind data 
and barometric tendencies for the period 21st-27th June from 
the Daily Weather Report of the Meteorological Office are 
reproduced in Table 1. Barometric tendency, which describes 
the pressure characteristics for the six-hour period prior to the 
time of the entry, is recorded in code in the weather reports. A 
key is published in the introduction to the reports issued at the 
beginning of each quarter. For the present comparison, 
barometric tendency has been grouped into two classes, ‘steady’ 
and ‘unsteady’, signified in Table 1 by the symbols S and U, 
These classes may be broadly defined as follows: 

When no change, or a change in one direction only has 
occurred in the previous six hours, the tendency is classed as 
steady. When, during the six-hour period, the barometer has 
both risen and fallen, the tendency is classed as unsteady. 

Below Table 1 are notes on reception conditions for the days 
in question. They are reproduced from entries made in his diary 
by the Engineer-in-Charge of the B.B.C.’s station at Plymouth, 

In Table 1, the wind directions shown in bold-face type are 
those which lie within the ranges discussed at the beginning of 
this sub-section, Directions lying just outside these ranges are 
shown in italics. 

From these data it may be concluded that interference would 
be present all the time on the 21st and 26th June, and this is 
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Fig. 12.—Aerial view of Plymouth Sound, taken around noon on the 10th December, 1946. 


Mezsurements of wind speed and direction were not made at Plymouth on this date, and the values quoted are of measurements made at Lizard. 


_Table 1 


WIND DATA AND BAROMETRIC TENDENCIES, 21ST—27TH JUNE 


0100 hours B.S.T. 


0700 hours B.S.T. 


1300 hours B.S.T. 1900 hours B.S.T. 


Date Wind Barometer Wind Barometer Wind Barometer Wind Barometer 
June, 1956 Direction Speed Direction Speed Direction Speed Direction Speed 
knots knots knots knots 
21st 337° Vf U 326° 7 S 337° 12 S 348° 5 U 
22nd 45° 6 N) 202° 2 U 236° 11 U 0° 0 S 
23rd 0° 0 S 0° 0 U Dm 10 S PLES” 4 S 
24th 0° 0 U 101° Z N) 202° 6 S 0° 0 S 
25th 0° 0 U 0° 0 Ss 169° 6 U 220° 2 Ss 
26th 281° 4 S 310° 6 U 220° 10 U 326° 12 U 


Notes on Reception Conditions 


June 21st.—Interference present at average strength. 
June 22nd.—No interference on evening transmission. (No observations were made 


earlier in the day.) 


June 23rd.—Observations from 1200 hours: no interference all day. 


June 24th.—Observations at 1500 hours and 1800 hours: no interference. 


Average 


interference returns at 2100 hours. > 
June 25th.—Average interference at 1100 hours; less at 1500 hours; clear of inter- 


ference by 1700 hours. 


June 26th.—Strong interference at 1100 hours, reduced at 1230 hours. 


At 1430 hours 


and again at 1700 hours, moderate interference. 


borne out by the notes. Again from the data for the 25th June, 
interference might be expected at 1300 hours, and good reception 
at 1900 hours. The observations for that day fulfil this 
expectation exactly. 

Short-term variations in atmospheric pressure also appear to 
snduce conditions favourable for interference. For instance, at 
‘300 hours on the 26th June, interference was present with 
mmsteady pressure, although wind direction was unfavourable. 
The improvement recorded at 1230 hours on that day might be 
-ttributed to the change in the direction of the wind from 310° 
*» 220°, and the change back to 326° at 1900 hours would account 
‘or the increase to ‘moderate’ in the afternoon. 

Though the evidence in Table 1 and the notes is not sufficient 


to indicate unequivocally the effect of wind velocity, the data 
for the 26th June are of interest in this respect. The degree of 
isostematism present at any time is dependent on how nearly the 
pattern of the sea waves approaches perfect regularity. Greater 
regularity may be expected with low wind velocities than with 
high, and it may be concluded that interference will be more 
severe when the wind velocity is low. The entries in the notes 
for the 26th June lend some support to this. Interference was 
strong in the morning of that day and moderate in the afternoon. 
Though there was little difference in the wind directions at these 
times, the velocity in the afternoon was twice as great as in the 
morning, 

The data in Table 1 accord well with the observations at times 
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Fig. 13A.—Aerial view of Plymouth Sound, taken around noon on the 28th May, 1947, 
Measurements of wind speed and direction were not made at Plymouth on this date, and the values quoted are of measurements made at Lizard. 


: 2 
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[Crown copyright 


Fig. 13B.—Part of Fig. 13a enlarged. 


0100 hours B.S.T. 0700 hours B.S.T. 


»of good reception. At 1900 hours on the four days 22nd- 
25th June, wind direction was unfavourable for interference, 
‘and atmospheric pressure was steady. On all these days 
(reception at Kingsand was free from interference. 


(6.3) Further Comparisons 


Meteorological data for the period occupied by the tests 
(reported here are reproduced in Table 2. They indicate that no 
interference might be expected at 1300 hours on the 19th July, 
but that interference would be present at nearly all other times. 
In fact, interference varied from average to strong during 
observations throughout the period, except in the afternoon and 
‘early evening of the 19th July, when it was slight. By late 
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Table 2 


1300 hours B.S.T. 1900 hours B.S.T. 


Dat Wind i i 
July, 1956 Direction os paced so oaing Direction Speed athe Disine Speed Nerd apes Diet an Speed nee 
ots nots knots knots 
17th 292° 8 S 0° 0) S 180° 2 he 
18th 124° 11 U 90° 6 U 123° 5 2 ae ; S 
19th 303 6 U 315° 1 S 191° 2 U 348° 5 S 
20th 45° 6 N) 337° 10 U 


tion in planning a service for an area which included coastal 
towns, especially if one polarization was found to be pre- 
dominantly better than the other in this respect. An experiment 
to determine the coefficients would therefore be useful. 

To obtain a more detailed picture of the factors which con- 


Table 3 
Direction Bec Barometer 
knots 
June 10th 1900 hours B.S.T. 360° 10 S 
2200 hours B.S.T. 340° 10 * 
June 11th 0100 hours B.S.T. 326° 2 N) 


* No reading available. 


IAAUUUUUAECOUUTHOEN EUR HBEEGNUEEHULAN 
TTT 


LODUAUOUONEUEY DOOD CAMs Ae: ed AMAT THUALALE 
TORO UOEC0 C000 ETE od BUR HEAT 


6B above InV/m at 30 ft.a.g.l. 


(a) 14 hours before sunset. 


(c) 1 hour after sunset. 


»evening on that day interference approached the average. 
| Though from Table 2 this might be expected to have occurred 
‘by 1900 hours, interference was not significant until an hour 
‘and a half after that time. Nevertheless, correlation is good. 


(7) SUNSET EFFECT 


An effect which had been noted by local observers and which 
occurred during the preliminary tests made with field-strength- 
measuring equipment is that, for a period of about half an 
hour before sunset, the amplitude of the interference abates 
significantly. A record of this effect, taken at Kingsand, is 
‘reproduced in Fig. 14. Its occurrence is not reliable; it did not, 
for instance, occur during the four days occupied by the tests 
with the waveform monitor. From the correlations already 
made, it may be assumed to be due to a short-term change in 
the wind before sunset. No evidence of such a change is to be 
found in the available meteorological data for the time of the 


recording. This is not surprising, however, as the interval 
setween readings is three hours. The data are reproduced in 
Table 3. 


(8) SUGGESTIONS FOR FURTHER WORK 
The observations recorded in Section 3.7 are inadequate for 
rroviding information whether the coefficient of back-scattering 
different for waves polarized vertically and horizontally. 
{uch information would be of value to a broadcasting organiza- 


Fig. 14.—Record demonstrating the sunset effect, taken at Kingsand 10th June, 1956 


(b) Immediately before sunset (sunset at 2126 hours B.S.T.). 


tribute to the occurrence of the phenomenon, a programme of 
work for correlating isostematic reflection with sea and weather 
conditions would have to be undertaken. Weather measure- 
ments would, however, need to be recorded at more frequent 
intervals than is the case at present. 


Fig. 15.—Relationship between A; and A. 
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(9) CONCLUSION 


A necessary requirement for the occurrence of the effect 
discussed here is that the sea within the horizon of the receiving 
aerial must be directly irradiated by the transmission. This 
condition is more likely to be met when the transmitter is 
installed on a site high above sea level and not too distant from 
the sea. If the receiving aerial has an open aspect towards the 
irradiated part of the sea and is shielded from the direct trans- 
mission by a cliff, the direct and back-scattered signals may have 
comparable amplitudes and the interference will then be severe. 

It is of interest to mention here that the effect is not confined 
to the transmissions from North Hessary Tor. Since the time 
of the original tests, isostematic interference has been observed 
on the Rowridge transmissions at Ventnor, where conditions 
are similar to those described. 

To cause interference, the waves of the sea travelling over the 
irradiated area must be correctly spaced and suitably oriented 
with respect to the frequency and geometry of the trans- 
mitter/receiver circuit. The energy scattered back then reaches 
the receiving aerial as a phase-coherent signal of cyclically 
changing phase, which beats with the direct transmission. 

The word ‘isostematism’ is suggested to express the essential 
relationship between the phase-coherence of the back-scattered 
signal and the spatial arrangement of the sea waves. The effect 
produced may be described as isostematic interference. 

There is no easy solution to the problem of reception of tele- 
vision broadcasts in places subject to isostematic interference. 
In general, the sea is visible over a wide arc in such places, and a 
directional aerial designed to exclude the whole of the inter- 
ference would need to have a wide-angle minimum and a 
front/back ratio of many decibels. Such an aerial, even if 
easily available, would not infallibly provide a solution in situa- 
tions where the scattering area of the sea was not in the plane 
through the transmitting and receiving aerials. With the aerial 
minimum turned towards the sea, its maximum may in such cases 
be directed towards a cliff, where strong permanent echoes more 
objectionable than the interference may originate. One practical 
way of dealing with the problem would be to mount a communal 
aerial in a region of high field strength at the top of the cliff, and 
to distribute the signal to the houses below by cable. The method 
presents no grave technical difficulties, and the restrictions on its 
adoption are only economic. 
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(12) APPENDICES 
(12.1) Details of Test Sites 


5 Distance Height above Height of aerial Estentied 

Site fae: iss ee fevel epeve ground dcld strengte 
Downderry 70 64 25 8 25 8 250 wV/m 
Kingsand 56 RD) By eh BY ts} 300 wV/m 
Staddon Heights 440 400 350 107 25 8 3mV/m 
Plymouth Sound — — — — 15 5 £Notestimated 


The field strengths noted here are estimated from the deflection — 
of the a.g.c. meter on the receiver and are very approximate. 


(12.2) Relationship between A, and A 


TR is the path of the direct ray; TPR and TQR the paths of | 
reflected rays such that | 


TQR = TPR +A 
PQ = Distance between two wavecrests = A, 
SQ = UQ =A; cos 02 4A 
A, = sec 8 


and the loci of constant A, are circles passing through T and R. 


For the points A, B and C in Fig. 9, the calculated beat 
frequencies are as follows: 


Hence 


Point i) sec 8 bz As v 
m m m/s c/s 

A axe 1:12 2:9 3-24 DS 0:69 

B 24° 1-09 2:9 3216 PE 7M? 0-70 

C 44-5° 1-4 2:9 4-05 2°51 


After correction (see Section 4.1) 2:76 0:68 


DISCUSSION ON 


‘TRANSVERSE FILM BOLOMETERS FOR THE MEASUREMENT OF POWER IN 
RECTANGULAR WAVEGUIDES’* 


Mr. L. J. T. Hinton (communicated): I agree with the author 
ithat there are many advantages in using a transverse resistive- 
film bolometer for the accurate measurement of power at the 
imilliwatt level in rectangular waveguides. This is particularly 
‘so at frequencies above 20Gc/s when the capacitance of the 
‘thermistor bead results in significant error. . 

In Section 5 the author suggests that further development of 

\the film bolometer at higher frequencies would seem well worth 
» while. I feel I should therefore draw attention to a contribution 
»by Dr. J. Collard in 1955. ii This described an instrument for 
| the measurement of power in the range 1-100 mW at frequencies 
rin the region of 35 Gc/s, which absorbed all the incident power 
1in a film of uniform surface resistivity. 
Direct comparisons between models of the instrument, which 
ie known as an enthrakometer, and milliwatt water calorimeters 
4. powers in the range 10-20mW have shown that the accuracy 
) of the enthrakometer at 35 Gc/s is about +5%. 

Mr. Lane points out in Section 2 that the film bolometer he 
has used differs from the enthrakometer in that the film is narrow 
‘in the transverse plane. I agree that this arrangement gives 
greater sensitivity and more nearly ideal substitution of d.c. for 
microwave power. However, by the use of an impedance 
bridge containing the resistive film measuring the power and an 
identical film for ambient temperature compensation, followed 
by a high-gain 1.f. amplifier, very small resistance changes are 
detectable with the enthrakometer. The measurement of power 
‘at a level of 1 mW at 35 Gc/s presents no difficulty. With regard 

*® Lang, J. A.: Paper No. 2488 R, january, 1958 (see 105 B, p. 77). 

+ Discussion on WILLSHAW, W. E LAMONT, R., and HICKIN, E. M.: ‘Experi- 


mental Equipment and Techniques for a Study ‘of Millimetre-Wave Propagation’ 
(see 102 B, p. 312). 


to a possible error due to a difference in temperature gradient 
between the r.f. power measurement and the d.c. calibration, I 
can only state that none has been detected. 

The thin-strip film bolometer, on the other hand, does set up 
higher order modes which might result in the dissipation of 
power elsewhere than in the resistive film, or in the loss of 
power through the r.f. decoupling circuits. Also, of course, its 
intrinsic bandwidth will be less than that of the enthrakometer, 
due to the presence of the inductive component in its equivalent 
circuit. 

Mr. J. A. Lane (in reply): Details of the instrument mentioned 
by Dr. Collard in his communication have not been published, 
and I am indebted to Mr. Hinton for providing these results on 
this type of bolometer. This information confirms the merits of 
resistive-film techniques for power measurement in rectangular 
waveguides. 

I agree that there is a possibility that higher-order modes may 
introduce errors with the narrow-film bolometer, and that some 
reduction in bandwidth results from this arrangement by com- 
parison with the bandwidth obtained when using a bolometer 
which fills the transverse cross-section. However, each tech- 
nique has its advantages, as Mr. Hinton points out, and the 
instrumental error in the method I described appears to be 
small. In addition, the use of a narrow film facilitates the con- 
struction of a very simple indicating circuit. If necessary, the 
bandwidth can be improved by the addition of a movable plunger 
following the resistive film. 

Subsequent experiments have shown that the narrow-film 
technique can also be used for powers of the order of a few 
milliwatts or more at wavelengths as long as 10cm. 


DISCUSSION ON 
‘DESIGN OF MICROWAVE FILTERS WITH QUARTER-WAVE COUPLINGS”* 


Mr. L. K. Knoch (communicated): I was interested in the high 
‘values of susceptances.4#J-*»- The three post susceptances 
, were used in the 0:9in x 0-4in waveguide in the 9-3 Ge/s band. 
| ie measurements were made with the post-diameter to wave- 
@zide-width ratio d/a lying in the range from 0-019 to 0- 069. 
- For two different 2alrz ratios, graphs were obtained as in Fig. H. 
‘Vie ‘left curving’ of the d/a plots in terms of normalized sus- 
1 @ptance —b or —b(2a/A,) for the higher values of d/a was not 
) © oserved. 
* See Reference H on page 396. 


Up to the value of d/a = 0-045 the experimental plots run 
parallel to the theoretically computed ones at a constant distance. 
The shift of the experimental plot position against the theoretical 
one is an obvious function of the 2a/A, ratio. Beyond the value 
of dja = 0-045 the discrepancy between the experimental and 
theoretical curves grows larger, certainly for the reasons given 
by Messrs. Craven and Lewin in their reply.“ But the experi- 
mental plots remained linear up to the highest susceptance values 
measured. 


It is evident from the graphs that the d/a = f [b(2a/A,)] func- 
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(C & L) Craven and Lewin’s measurements. 
(H) Horna’s measurements. 
(K) Knoch’s measurements. 
(F) Knoch’s formula. 
(T) Theoretical values. 


tion follows the relation d/a = K(2a/A,) + Mlog 6, where 
M =0-71 (constant) and K is assumed to be a function of 
2ald,. 

The value of M was taken as a mean value from the measure- 
ments made by Messrs. Craven and Lewin, Mr. Horna and 
myself. 

The figures obtained from the above-mentioned measurements 
permit a simple relation to be established (Fig. J): 


jae |2(%2) 2 5-4 |10-2 
r, 

One plot for 2a/A, = 1-06 failed to follow this relation, and 
because of a limited number of measurements, it is not possible 
to conclude whether the formula should hold over the whole 
range of 2a/A, ratios. 

Yet, because of the great usefulness of susceptances of this 
kind, especially in microwave filter design, it seemed desirable 
to publish this information. 

Messrs. G. Craven and L. Lewin (in reply): Some interest 
appears to exist in the properties of triple-post susceptances, 
and Mr. Knoch’s communication and the considerable amount 
of data he presents provides further evidence for the need for a 
second-order (in the post diameter) formula for the admittance. 
By analogy with the second-order theory for the single post we 
may expect, in addition to a contribution to the post susceptance, 
a series or transformer effect, though for the triple-post this 
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Fig. J 


(C & L) Craven and Lewin’s measurements. 
(H) Horna’s measurements. 
(K) Knoch’s measurements. 


effect is likely to give a minor contribution to the impedance in | 
a considerable range in which the correction terms to the sus-) 
ceptance may be appreciable. The form taken by the formula) 
will not, however, be the same as Knoch’s empirical equation. | 
From a comparison with the single-post formula™ it is apparent 
that the normalized susceptance b will be related to d by an 
equation of the form 


{ 
b 


where f is a function of a, A and log (dja). 

The representation of d/a as a linear function of log 5 in a 
certain range of the variables, as demonstrated by Knoch, is. 
therefore a convenient numerical coincidence, as may be met 
also in the theory of coaxial exponential transmission lines, but 
it has no special analytic significance. 

One of the difficulties likely to be met in working out a second- 
order theory is the need to take adequate account of the proximity 
effect between the posts, and this difficulty becomes accentuated, 
even for small post diameters, as the number of posts under 
consideration increases. 


doavd? 
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